
 

 

 

 

 

 

 

 

 

TIMO OJANEN  

AERO-VIBRO ACOUSTIC SIMULATION OF AN ULTRAHIGH-

SPEED ELEVATOR 

 

Master of Science thesis 

 

 

 

 

 

 

Examiner: prof. Reijo Karvinen 
Adviser: D. Sc. Gabriela Roivainen, 
KONE Corporation 
Examiner and topic approved by the 
Faculty Council of the Faculty of 
Engineering Sciences on 12th Au-
gust 2015 

 

  



i 

 

ABSTRACT 
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February 2016 
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There are many solutions for computing sound and each one of them have advantages 

and limitations. The challenge when using deterministic methods for acoustic simula-

tion in case of complex application, derives from the need of accurate vibrational re-

sponse of the model. Validating each mode of a complex structure, when the frequency 

range of interest covers hundreds of natural frequencies is expensive. In addition, in 

order to have accurate response, the model cannot be oversimplified and due to its size, 

the computation is long. The advantage of using statistical methods derives from lower 

requirements for validating each eigenfrequency, because average energies are consid-

ered. In addition the dimensional and material tolerances have lower impact on final 

results. However the method is less accurate for a specific solution with a clear tonal 

resonance. 

In this study a hybrid method has been chosen: for lower frequencies where the tonal 

resonances are significant a finite element method was applied; for higher frequencies a 

statistic energy method has been chosen. The combination between the two methods has 

been performed in the multiphysics environment software VA One. 

There are several sources of sound inside an elevator shaft, which have to be evaluated 

in order to assess their impact on the sound inside the car. For this reason test data have 

been used for determining some of the vibrational contribution, computational fluid 

dynamics for computing the “wind” contribution and boundary element method for 

computing the acoustic reverberant contribution of the shaft. 
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Äänen simuloimiseen on monia menetelmiä, mutta jokaisella niistä on etunsa ja 

rajoituksensa. Determinististen menetelmien haaste monimutkaisten systeemien 

akustiikkasimuloinnissa johtuu tarkan värähtelyvasteen tarpeesta, jonka määrittäminen 

sadoille ominaistaajuuksille on kallista. Lisäksi tarkan vasteen määrittämiseksi malli ei 

saisi olla liian yksinkertaistettu, jolloin sen koko kasvaa, jonka myötä myös laskenta-

ajat kasvavat. Tilastollisia menetelmiä käytettäessä tarve määrittää jokainen erillinen 

ominaistaajuus vähenee sillä näiden sijaan systeemien keskimääräiset energiat 

määritellään. Lisäksi geometrisilla yksityiskohdilla ja materiaaliominaisuuksien tarkalla 

määrittämisellä on pienempi vaikutus lopullisiin tuloksiin. 

Tässä työssä menetelmäksi on valittu hybridimenetelmä, jossa alemmilla taajuuksilla, 

joilla yksittäiset resonanssitaajuudet ovat merkittäviä, ratkaisu saadaan elementti-

menetelmällä. Puolestaan korkeammat taajuudet ratkaistaan käyttäen tilastollista 

energia-analyysiä. Nämä kaksi menetelmää on yhdistetty simulointiohjelmisto VA 

One:ssa, jota käytetään työssä äänenpaineiden simuloimiseen. 

Hissikuilussa on useita äänilähteitä, jotka täytyy määritellä, jotta niiden vaikutus korin 

äänenpainetasoon pystytään ratkaisemaan. Tämän takia testidataa on käytetty 

määrittelemään rakenteiden kautta syntyviä äänilähteitä, virtauksesta aiheutuvat 

äänilähteet on määritetty virtaussimuloinnilla, johon on ratkaistu akustiset ominaisuudet 

ja heijastukset hissikuilusta reunaelementtimenetelmän avulla. 
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1. INTRODUCTION 

As the buildings are getting higher and hence the time of the travel in elevator is longer 

the increased speed of the elevator is one solution to reduce the travelling time. And as 

the speed increases the sound pressure levels inside the elevator rises. In this thesis the 

effect of the increased speed to the sound pressure level is studied.  

At first the elevator basics are introduced. A description of technology in traction 

sheave elevator is given and also as in this thesis the simulations are run by using a 

model of a Double Deck elevator, a brief introduction is presented. The basics of sound 

in elevator are also discussed.  

The background of this thesis is presented in Chapter 3. A description of previous work 

is given and a brief discussion about Vibration Excellences –project in which the sound 

pressure level simulation inside the elevator car was started. The previous work by 

Schreiber (2015) has been concentrating more on the structure borne noise as in this 

work the main focus in the noise induced by the aeroacoustic excitations.  Also a litera-

ture review of alternative techniques of noise simulation in elevators, cars and trains is 

presented. 

The theory of the simulation is given in Chapter 4. The theory of computational fluid 

dynamics is introduced and also the turbulence modeling technique used in this work. 

The theory of solving aeroacoustic loads from flow simulation by using boundary ele-

ment method (BEM) and coupling them to the vibro-acoustic solver is presented and the 

principles and basic equations of statistical energy analysis are shown. 

In Chapter 5 the simulation process of the work is described. Major part of the simula-

tion consisted of the defining of the aeroacoustic loads and the process to obtain them 

and then processing the data to suitable form to utilize them in the vibro-acoustic simu-

lation. The flow simulation was done in co-operation with Antti Lehtinen of FS Dynam-

ics. The acoustic BEM simulations were done by Jukka Tanttari at VTT. Finally the 

simulated source data was imported to the vibro-acoustic simulation software VA One 

to simulate the sound pressure levels in the elevator. 

The results from the simulations are discussed in Chapter 6. A comparison between two 

simulations with the speeds of 10 and 15 m/s is given. The results from the flow simula-

tion and acoustic source components are compared and also the simulated sound pres-

sure levels in elevator cars. Also the structural contribution from the roller guides and 
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ropes to the sound pressure level is presented. Finally the potential developments, future 

work and possibilities of the simulation model and obtained data are suggested. 
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2. ELEVATOR 

This chapter presents the basics of the high-rise elevator technology and the compo-

nents of elevator and functions are described. Also an introduction to fundamentals of 

sound and its measuring is presented.  

In high-rise and in many other applications traction sheave elevator is utilized. Basic 

components of an elevator are shown in Figure 1. The working principle of a traction 

sheave elevator is quite simple. The elevator is powered by an electromagnetic motor 

which rotates the traction sheave to which the hoisting ropes are connected. The hoist-

ing ropes are connected to both sling and counterweight. The last one has mainly two 

purposes: it increases the frictional traction between the traction sheave and the ropes 

and it creates opposite force pulling the elevator car up hence reducing the power need-

ed to move the system.  

As the travel increases the weight of the hoisting ropes increases which creates an une-

ven load to the motor as the elevator moves. To have a dynamic balancing, compensa-

tion ropes are attached from the bottom of the sling to the bottom of the counterweight 

when the travel increases. Together with the hoisting ropes they create loop which bal-

ances the loads on both sides of the traction sheave.  Usually in high-rise applications as 

the travel increases a separate compensator sheave is fitted at the bottom of the shaft to 

guide the compensation ropes. 

The controller unit is the central operating unit of an elevator system. The power and the 

information from the controller to the elevator cabin are transferred through the travel-

ling cables. Also controller monitors car and landing calls. In more sophisticated sys-

tems it can also give priorities to calls and adjust the traffic patterns to improve the ele-

vators efficiency in people flow. The controller gives also the commands to door operat-

ing system when to lock, open or close the doors. 

High rise elevator machine is often permanent magnet synchronous motors which use 

permanent magnets to create a constant magnetic field in rotor and the stator carries the 

windings connected to an AC supply to produce a rotating magnetic field. The elevator 

machinery is controlled by the drive which feeds the electric power to the machine and 

by altering the current and voltage that is fed to the machine the drive causes it to run at 

different level of torque and speed. 
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Figure 1. Traction sheave elevator and its components of which the gear has become 

uncommon by now. 

The elevator car is connected to the sling which is presented in Figure 2. The sling is a 

beam structure that carries the elevator car. It consists of uprights, the cross head beam 

and platform structure on top of which the car is located. The connection between the 

sling and car is isolated which reduces the vibrations coming from the roller guides and 

hoisting ropes to the car. The static car balancing is achieved by applying weights to the 
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balancing beam of the sling. This keeps the gravity center stable and reduces the roller 

forces and therefore the static balancing has an effect to the ride comfort of the elevator.  

 

Figure 2. Elevator sling and components. 

In high speed elevators roller guides are used instead of sliding guide shoes. At higher 

speeds rollers reduce the vibrations coming from the guide rails and the friction is lower 

compared to guide shoes which are used in lower speed applications. Also no lubrica-

tion is needed between the rail and the roller. Some of the fastest elevators in market 

have active damping applied on roller guides which reduces the lateral vibration of the 

elevator car. 

The noise from the air flow in the elevator shaft becomes one of the main noise sources 

at higher speeds. Because of this streamlined spoilers, which can be seen in Figure 3, 

are attached to the car to prevent the flow from separating from the walls and also to 
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reduce the drag generated from the flow. The streamlined shape also decreases the tur-

bulence on elevator surface, which has an effect to the sound generation. 

The overspeed governor monitors the speed of the elevator and if the speed rises above 

the allowed level it cuts the power to the elevator which engages the normal brakes and 

brings the car to a safe stop. If this does not stop the elevator the safety gear of the sling 

grips the guide rails and stops the car safely. The buffers at the end of the shaft are de-

signed to bring the car or counterweight to the stop if it is moving past its normal limit 

of travel by absorb and dissipating the kinetic energy. 

The load weighting device is measuring the weight of the load in the elevator car. It is 

located under the car platform and can be seen in Figure 2. It is used to detect the situa-

tions when the car is overloaded when the operating of the door is prevented. Also the 

peak traffic conditions and nuisance calls can be identified from the data. 

2.1 Double Deck Elevator 

The simulations in this thesis are done by using geometry of a double deck elevator and 

the structure of which is presented in Figure 3. The double deck consists of two vertical 

passenger cabins connected to one sling. This gives a greater passenger capacity which 

is very important as the time of the travel increases in high rise applications. Also this 

helps to handle the traffic peaks during the rush hours.  

The two cabins can be entered from two floors at the same time which makes the people 

flow more efficient. By having two vertical cabins the double deck elevator also saves 

space in building because less is needed for elevator shafts.  

From ride comfort point of view a double deck elevator has some preferable features. 

The high mass of the car and sling makes the elevator more stable as the vibrations 

coming from the guide rails need to be more powerful to have an effect to the ride com-

fort of the elevator. The sound pressure level of the car that is not the first in the moving 

direction seems to be lower. For example when going to downwards the sound pressure 

level of the upper car is lower therefore the cars act as a sound buffers for each other. 

The difference between sound pressure levels in cars is higher if no spoilers are attached 

to them. 
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Figure 3. Double deck elevator with streamlined spoilers and roller guides. 

2.2 Sound in Elevator 

In this chapter some basic features and terminology of sound used in simulations and 

measurements in elevators are presented.  

Sound pressure level (SPL) describes the amplitude of sound in dB-scale.  

           (
 

  
)   (1) 

where p is the measured sound pressure and p0 = 2∙10
-5 

Pa is the reference level, which 

can be considered as the threshold of human hearing at 1 kHz.  

To give a better understanding of the decibel scale the human responses to pressure 

changes are shown in Table 1. Decibels are easier to comprehend than the sound energy 

as changes in dB-level can be observed by ear. They can still be rather deceiving as 

small changes in dB indicate a huge increase in sound energy. This creates a dilemma 

where only small changes to overall SPL are achieved by making huge drop to sound 

energy levels.  
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Table 1. The ear response to the dB change and the change of Sound energy (Seder-

holm 2005) 

Change in dB Change in human hearing Change in Sound Energy 

±3 Threshold of perception Sound energy double or halved 

±5 Clearly noticeable Sound energy increased by factor of 3.16 

±10 Twice (or half) as loud Sound energy increased by factor of 10 

±20 4 x (Fourfold) change Sound energy increased by factor of 100 

 

The human hearing is also frequency dependent. Even though the audible spectrum of 

sound is between 20–20 000 Hz, the human hearing is more sensitive to frequencies 

between 1 000–10 000 Hz. Because of this different weightings are applied. In elevator 

industry the A-weighting is in use and it is presented in Figure 4. As can be seen the A-

weighting scales down the frequencies that are outside the most sensitive area of the 

human hearing. The lower frequencies are scaled down as are the higher and the most 

sensitive range is scaled up. This is also used throughout the work as A-weighted results 

are easier to perceive as they are closer to human hearing capability. The B and C scales 

are used for medium and loud noise levels as they give more weight to lower frequen-

cies, which are considerably more disturbing at higher levels than the A-weighting im-

plies. A-weighting usually used in elevator applications and C-weighting is regularly 

used in building acoustics. 

 

Figure 4. Different sound level weightings. 

The sound measurement in elevator is usually made with on microphone at the center of 

the elevator car at the level of users’ ears. The SPL is measured from the start of the ride 

to the stop and a typical measurement result is presented in Figure 5. The acceleration 
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and deceleration zones are shown as increase or decrease in SPL an in the area of full 

speed the SPL reaches the maximum values which is marked with a dashed box.  

 

Figure 5. A typical sound pressure level measured in an elevator. 

The sound measurements of an elevator ride are typically made in time domain. How-

ever it is sometimes useful to convert the data to frequency domain by using Fast Fouri-

er Transform (FFT), in order to identify the source of the noise and the transfer path. A 

typical broadband sound pressure spectrum of an elevator is presented in Figure 6. The 

spectrum is calculated from the SPL data in the full speed zone. While the time depend-

ent data gives the overall SPL of the elevator ride, by converting the data to the sound 

pressure–frequency spectrum the most critical frequencies can be seen. 

 

Figure 6. A-weighted sound pressure spectrum of an elevator at 10 m/s. (Schreiber 

2015) 

The broad band spectrums are somewhat hard to comprehend at least by human senses. 

Because of this the audible frequency range is divided to unequal segments called the 
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octaves. Division is usually done to the whole audible range from 20–20 000 Hz. In 

Table 2 the limits and center frequencies are shown for octave and 1/3
rd

 octave bands.  

From uncorrelated sources, such as the center frequency values from the frequency 

bands, the overall value of the sound pressure level can be given as: 

      
        ∑         

 

   

  (2) 

where     is the uncorrelated sound pressure level (Hildebrand & Karvinen 2011). 

Table 2. The octave bands, limits and center frequencies. 

Octave Bands 1/3 Octave Bands 

Lower 
Band Lim-

it  

Center 
Frequency 

Upper 
Band Limit 

Lower 
Band Limit  

Center 
Frequency 

Upper 
Band Limit 

(Hz) (Hz) (Hz) (Hz) (Hz) (Hz) 

22 31.5 44 

28.2 31.5 35.5 

35.5 40 44.7 

44.7 50 56.2 

44 63 88 

56.2 63 70.8 

70.8 80 89.1 

89.1 100 112 

88 125 177 

112 125 141 

141 160 178 

178 200 224 

177 250 355 

224 250 282 

282 315 355 

355 400 447 

355 500 710 

447 500 562 

562 630 708 

708 800 891 

 

2.3 Acoustic and convective component 

The airflow around an elevator has two pressure fluctuation components which are ef-

fecting to the sound pressure level: acoustic and convective (Lecoq et al. 2012).  The 

components are presented in Figure 7 where the convective component represents the 

direct pressure fluctuation which is created by the eddies of the turbulent boundary lay-

er.  

The acoustic component represents the acoustic waves traveling within the flow with 

the speed of sound. Also as the elevator travels in a shaft the reflected sound waves are 
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presented by the acoustic component. These are shown in Figure 8. Usually the ampli-

tude of acoustic component is smaller compared to the convective component but as it 

can be more directional it can also be a major contributor to the SPL.  

 

 

Figure 7. Turbulent boundary layer components. (Lecoq et al. 2012) 

 

Figure 8. Acoustic component on an elevator wall and reflecting back from the shaft. 

If the flow around the elevator is computed as incompressible the density perturbation 

properties within the flow disappears. This results in losing the acoustic component in 

the flow data which has to be then computed in a separate model to regain the acoustic 

properties. Even though the amplitude of the acoustic component is usually small com-

pared to the convective component, it can be a major contributor to the noise level. This 
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is because the convective component usually goes along the flow but the acoustic com-

ponent can be more directional (Blanchet et al., 2014). Also the acoustic wavenumber 

can be similar to the flexural wavenumber of the plate therefore the plate is more sensi-

tive to the vibrations induced by acoustic component (Lecoq et al. 2012). It should be 

also taken into account that the magnitude of the acoustic component depends on the 

acoustic environment. In elevator shaft, which is a reverberant environment, the acous-

tic component can be significant. 

2.3.1 Structure Borne Transfer Path 

Structure-borne sound in elevator is generated by the vibrations of the inner wall panels 

of the car and also by the ceiling and the floor. In Figure 9 the sources of structure-

borne noise to the elevator cabin are shown. Structures such as the ropes, the rollers are 

mechanically connected to the sling and even though the interface between sling and car 

is isolated, some of the vibrational energy can go past the isolation and vibrate the walls 

of the car. The vibrating car walls are then creating pressure fluctuations inside the car 

which are sensed as noise. 

The airflow around the car is also generating noise as the air flows directly on the outer 

surfaces of the elevator car walls. The convective component of the flow, or the direct 

pressure fluctuations due the turbulence, can vibrate the wall panels of the elevator car 

which creates sound.  

 

Figure 9. Structure-borne sound sources. 
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2.3.2 Airborne Transfer Path 

Airborne sound is defined as the vibrational energy created by the variation in air pres-

sure. Airborne sound transfers to elevator car through leaks in car components or 

through car surfaces where the energy of the air pressure fluctuations creates vibrational 

energy which transforms to sound energy. The sound energy can be emitted directly to 

the elevator car or to the elevator shaft. 

The sound energy that is emitted in the shaft cannot be neglected. The shaft is an en-

closed space and is usually made of reverberant material such as concrete and because 

of this it is challenging as an acoustic environment. The acoustic waves that are emitted 

in the shaft are not absorbed to the walls but are reflected back to the elevator surfaces. 

This may create an acoustic circumstance where the reflecting sound is dominating the 

SPL.  

As said above, the airborne sound transfers to the elevator car through leaks. Some of 

those are necessary, for example the ventilation is defined by the law, but otherwise the 

leaks are unwanted. The most significant leaks exist between the car and the doors but 

also some leaks exist in the wall panel interfaces. The challenge with the leaks is that all 

airborne paths should be blocked to achieve significant effect to the sound pressure lev-

el inside the cabin. 
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3. BACKGROUND 

This chapter consists of two parts: in the first part the previous project is represented 

and in the second part the literature is reviewed. 

3.1 Previous Work 

In previous work simulations at lower speeds has been done with the top speed being 10 

m/s. An acoustic simulation model of an elevator was built as part of the project which 

was utilized in this work. The model was built with a hybrid simulation method which 

combines the statistical energy analysis and finite element method to get reasonable 

results in the whole frequency range. In this work the focus was on the process to define 

the aeroacoustic sources.  

To compute the SPLs in the elevator car the simulations were divided in parts. The flow 

was simulated by using CFD which gives the surface pressure data. The pressure data 

includes only the convective part of the flow because the air is set to be incompressible. 

This means that the acoustic part has to be simulated separately for which BEM was 

used.  

The final simulation of SPLs and transfer paths was done in vibro-acoustic simulation 

software VA One in which the hybrid method is used. The aeroacoustic and structural 

loads were applied in the same model to get contribution of both excitations into simu-

lation and SPL. 

3.2 Literature Review 

In this chapter different methods of simulations and testing of acoustic development and 

the effect of flow to the noise level are delved into. First the elevator related articles are 

reviewed and in later stages the suitable methods from automotive and train industry. 

Vehicles as cars and trains are somewhat similar to an elevator because they have simi-

lar noise sources as wind noise and rolling noise. The environment differs as elevators 

have the reflecting shafts. Train in tunnel has a similar environment but the tunnel is 

usually more spacious, which reduces the blockage ratio, and the speeds are much high-

er. 
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3.2.1 Elevator 

Statistical Energy Analysis (SEA) model of an elevator was already developed by Cof-

fen et al. (1997). The model was developed to identify the noise sources into an elevator 

car.  The model shows that at high speeds (9 m/s) the main noise sources are the aero-

loads and the acoustic energy transfers to the cabin through acoustic leaks. At low 

speeds (5 m/s) the structural paths became as relevant as aeroacoustic contributions. The 

model is constructed by using only SEA and the frequency range is 100–5 000 Hz. At 

the lower frequencies ( f < 500 Hz) the modal results of the sling are not reliable and it 

is proposed that sling should be a FE model and combined to a SEA model. 

The fastest elevators in use are the Toshiba’s Taipei 101 (Mizuguchi et al. 2004) with 

top speed of 16,8 m/s and Mitsubishi’s Shanghai Tower elevator with 18 m/s top speed 

and the 20 m/s barrier will be broken by Hitachi in Guangzhou CTF Finance Center in 

2016 (Powley 2014). The problems and the solutions in these elevators are basically the 

same. Higher speeds reduce the time for people to adapt to the pressure change over the 

travel which is solved by applying a pressurized cabin. Also it is notable that to the 

downwards direction the speed is lowered to 10 m/s due to the pressure change. The 

second problem is the aeroacoustic noise coming from the increased wind speed. There-

fore the elevator is covered with an aerodynamic capsule. The vibrations due to higher 

speeds are reduced by applying active damping to the roller guides (see Figure 9). 

Several flow studies in elevator shaft have been done at KONE. Aerodynamics of high 

speed elevators and the effects of the flow parameters to airborne noise have been stud-

ied (Kemppainen 1993). The study concludes that flow speed is the most important fac-

tor which effects to the noise. The shaping of the elevator car does not effect on the 

mean flow speed but it reduces the pressure changes on the walls which reduces the 

noise. However the round shape of the elevator car reduces the local flow speeds around 

the car. For example the flow separation bubble reduces the channel width and increases 

the flow speed locally although the mean velocity stays the same. Also the drag coeffi-

cient decreases and the flow around the door becomes less turbulent. The lower value of 

drag coefficient reduces the need of power from the elevator motor which leads to more 

energy efficient elevators. 

Flow effects on elevator ride comfort have been researched (Rantanen 2002). The work 

includes a CFD calculation made with standard k-ε turbulence model with a speed of 10 

m/s and a cabin pressure simulation model for a high-rise elevator.. The aerodynamical 

noise generation by the turbulent boundary layer and flow separation was also studied. 

The noise sources were identified from the high turbulence region around the car but no 

acoustic simulation was performed.  

Pierucci and Frederick (2008) made CFD simulations of 2D and 3D elevator geometries 

in a shaft with different nose shapes at the both ends of an elevator. The study showed 
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that without spherical nose fairings a sudden drop of pressure occurs at the center of the 

shaft after the elevator passes the reference point. Also the study concludes that the 

noise and vibrations of the elevator can be reduced by modifying the shape of the eleva-

tor. 

3.2.2 Automotive 

The idea of identifying of noise paths using SEA has already been established in 1980’s 

by DeJong (1985). DeJong created a SEA model of a passenger car and used it to identi-

fy the transmission paths of acoustical energy to the interior of the vehicle. The model 

has three noise sources: engine, tires and floor.  Also the noise level of the passenger 

compartment is predicted and compared to experimental data.  

Beigmoradi et al. (2013) researched aeroacoustic noise generation with generalized car 

model which resembles a high speed elevator car. The rear of the car model was opti-

mized using Genetic Algorithm Method and a realizable k-ε turbulent model was used 

in the CFD calculations. 

Aeroacoustic problems can be solved by solving the Navier-Stokes equations using di-

rect numerical simulations but it is extremely time consuming because it demands much 

computational resources. Because of this hybrid methods are applied in computational 

aeroacoustics (CAA). With the hybrid method the near field aerodynamics is computed 

which gives the velocity and pressure fluctuations which are used as acoustic source 

terms for a separate computations for the far field acoustics (Wagner et al. 2007). For 

example the near field acoustics can be solved with a commercial CFD solver and those 

can then be used in SEA solver as a source term which will generate the far field acous-

tics and SPLs. 

Airflow and noise propagation model of a car A-pillar using CFD and CAA was devel-

oped by Murad et al. (2013). The CFD was used to solve the flow around the A-pillar 

and the results were validated using 40 % scale experimental vehicle. The acoustic 

source term was generated by transferring the CFD data to CAA domain where the far-

field sound propagation was computed using linearized Euler-equation (LEE) approach. 

The overall value of the power spectral density results around the cavity were found to 

be under predicted around 7,3 dB. 

Hybrid FEM-SEA car models have been built by Charpentier et al. (2007). Only the 

stiff regions of the car were modeled with FEM to reduce the computation time needed. 

With the combination of FEM and SEA the model could predict the structure generated 

noise over the range of 200–1 000 Hz. Similar study was done by Prasanth et al. (2013). 

The results in both simulations showed a difference in scale of 3 dB compared to meas-

urements. Also the method gives an ability to perform a noise path analysis which helps 

to recognize the panels which affect most to the interior noise level. 
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Musser et al. (2012) simulated vehicle interior noise levels using SEA in frequency 

range of 630-6300 Hz. The study was validated with a full sized Jaguar Landrover  In 

the simulation the car interior was divided to several acoustic cavities to be able to pre-

dict the SPL at the locations inside the passenger compartment. 

Durand et al. (2008) made a finite element structural acoustic model of a car and simu-

lated the noise levels from the structural sources. The simulations were done in the fre-

quency range of 20–220 Hz.  

Müller et al. (2009) used Fast Multipole BEM (FMBEM) to characterize the exterior 

aeroacoustic loads of a vehicle which were combined then to Statistical Energy Analysis 

simulation.  The calculation was done in frequency range between 400–1 250 Hz. The 

software used was VA One and the solution time compared to standard BEM was short-

er and the model could contain several million nodes to obtain more accuracy. As con-

clusion six elements per wavelength resulted in an error of 4 dB, which was considered 

acceptable and 4.5 elements per wavelength resulted in unacceptable 10 dB error. 

Wang et al. (2013) calculated a car interior noise level by combining the LES (Large 

Eddy Simulation) to FEM/BEM simulation using commercial SYSNOISE code. The 

CFD results were validated in a wind tunnel by 1/3
rd

 size model. The exterior fluctua-

tion pressure obtained from the CFD simulation was used as a source in interior noise 

simulation. FEM was used to calculate the structural modes of the body and the interior 

noise was computed with BEM. The solution was done up to 1 000 Hz although the 

main focus of the paper was on lower frequencies. 

3.2.3 Train 

Trains in tunnels have same analogies as the elevators although the speeds are much 

higher but also the tunnels are more spacious. The drag coefficient of high speed train in 

tunnel with the speed of 200 km/h correspond the drag coefficient of train traveling at 

300 km/h in the open field. Also the nose length and the blockage ratios effect the drag 

(Choi and Kim 2014). 

The noise sources of elevators have similarities with trains in a tunnel. Both have struc-

tural sound sources from the rails and the tunnel correspond the elevator shaft although 

the blockage ratio with trains in tunnels is much smaller. The interior noise levels in 

high-speed trains are 10 dBA higher than similar trains in a free field (Choi et al. 2004). 

Also the results of the research of Choi et al. show that the noise peaks in the band of 80 

Hz and is mainly due to increased vibration in the side panels and structural noise from 

the rails. 

The effect of different nose shapes of a high-speed train to sound pressure levels on 

train walls were studied by Paradot et al. (2008). A large eddy simulation was computed 
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where Lattice–Boltzmann method was applied to solve the acoustic sources and the 

near-field propagation. The acoustic properties in the far-field were obtained from the 

data with using Ffowcs-Williams integral method. The simulations were done up to 23 

kHz and the 11 000 CPU hours were used to achieve the results. 
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4. THEORY 

In this chapter the theory of the vibro-acoustic simulation model is described. The mod-

el consist of finite element method domain which is used for solving the stiffer parts of 

the elevator to which deterministic methods can be applied and statistical energy analy-

sis domain for the rest of the elevator structure. By combining these two methods to 

hybrid simulation the whole frequency the vibro-acoustic problem can be solved in 

whole frequency domain which would be challenging and time consuming if the meth-

ods were used separately. 

The aeroacoustic loads that are used in the vibro-acoustic model are simulated. The the-

ory of simulating and combining the acoustic sources are presented in the later part of 

the chapter. CFD is used to compute the flow field around the elevator and the convec-

tive component of pressure on the elevator surfaces. Boundary element method is ap-

plied to compute the acoustic effects which are missing from the incompressible flow 

data. Finally both the convective and acoustic component are presented as power inputs 

that can be used in SEA. 

4.1 Theory of Vibro-acoustic Simulation Model 

4.1.1 Statistical Energy Analysis 

Statistical Energy Analysis (SEA) is a method predict the vibration and sound of a 

structural system. At some frequency the deterministic analysis of individual modes 

such as finite element method becomes too heavy for computing and less reliable be-

cause the modes crowd together and more of them need to be considered. Because of 

this statistical methods are applied. In SEA the system is divided in subsystems which 

are structural or acoustical entities that have modes. Different subsystems have usually 

different modal energies but it is assumed that within a subsystem the energy of each 

mode is equal. The analysis is made in frequency bands, for example in this thesis 1/3
rd

 

octave bands are applied.  Each frequency band has an amount of resonant modes in it 

and the number of these is calculated using statistical methods. As every mode in sub-

system is assumed to have equal energy, the amount of resonant modes in band defines 

the significance of the frequency band in question (Burroughs et al. 1997).  It is also 

assumed that the damping of a subsystem is equal to all modes.  

SEA utilizes the energy equilibrium principle which is presented for two coupled sub-

systems in Figure 10. The principle is similar to the thermal circuit where the vibration-
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al energy behaves similar as heat: the energy diffuses from the hotter places to the cool-

er ones (Woodhouse, 1981). 

 

Figure 10. Power equilibrium principle in Statistical Energy Analysis. (von Estorff 

2004) 

By applying the principle of conservation of energy to the two subsystems power bal-

ance equations can be written as: 

                       
(3) 

                        
(4) 

      presents the power input to the subsystem,      the power transfer between the sub-

systems,         the dissipation and    is the vibrational energy of a subsystem. 

The dissipating power can be given as: 

                
(5) 

where ω is the frequency and    is the loss factor of the subsystem.  

The power transfer for two subsystems can be given in similar manner as: 

             
(6) 

where     is the coupling loss factor between two subsystems.  

The power exchange equation can be written in more general for N subsystems 

 
         ∑       (

  

  

 
  

  

)

 

   

  

(7) 

where    is the modal density of subsystem in frequency band and can be given as: 
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where   is the mode count and    is the frequency band. By applying the reciprocity 

relation, which is one of the basic assumptions of SEA and can be given as: 
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the power balance can be written in matrix form: 
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where   represents the power inputs,    is the loss matrix and E is the energies of sub-

systems.  

In predictive or classical SEA and also as in this work the target is to calculate the sub-

system energies as the power inputs are known. The energies can be solved from equa-

tion 
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4.1.2 Finite Element Method 

Finite element method is one of the most used deterministic techniques for acoustic and 

vibration analysis of structures. The method is based on dividing a complex geometry 

into small non-overlapping elements which are connected to each other at nodal points. 

The field variable is approximated over the domain with linear combinations of a set 

shape functions. FEM can be also applied to solve the acoustic problem in fluid domain 

but in this work it is only applied in structural domain as the fluid is modeled using SEA 

subsystems. 

FEM is used to calculate the vibrations of stiffer structures which are behaving in de-

terministic way, in this work the sling and floor is modeled with FEM. Also some of the 

details in structure, for example the top fixing between the car and sling are modeled by 



22 

FEM. This is done because these components are not directly representable by SEA 

subsystems. 

The vibration simulation in structural and acoustic FEM domain can be solved from 

equation of motion which can be given as: 
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where M is the mass matrix,  B is the damping matrix, K the stiffness matrix. The struc-

tural and fluidal values are expressed by the indices s and f and the marking ^ indicates 

Fourier transformed values. C presents the coupling at the surface normal between the 

fluid and structure. V represents the structure borne vibration velocity and p the fluidal 

pressure. These all together form the dynamic stiffness matrix D. The motion of the 

system is described by the q which is the vector of generalized displacements which 

describes the degrees of freedom. F is the force vector. (Langley and Fahy 2004) 

The radiated sound power from vibrating FEM surface to acoustic cavity which can be 

used to analyze the resulting SPL can be given as: 

  ( )       
 ̅̅ ̅ ( )  

(14) 

Where ρ is the density of the surrounding fluid, ω the angular frequency, c the speed of 

sound, S the emitting surface area,   
 ̅̅ ̅ the normal square component of the vibrational 

velocity averaged over the surface S and σ is the radiation efficiency (Venor 2015). The 

power input is computed for the finite element structures such as the floor which are 

connected to the acoustic cavities. 

4.1.3 Hybrid method: SEA and FEM 

The hybrid method used in vibro-acoustic simulation which combines SEA and FEM is 

described in this chapter. As said earlier FEM alone is restricted to lower frequencies (f 

< 200 Hz) and SEA to higher (f > 400 Hz). This leaves a frequency gap between the 

lower and the higher frequencies which is usually referred as the mid-frequency gap. 

The mid-frequency gap is a frequency domain from 200–400 Hz where the determinis-

tic methods are too expensive and inaccurate to use and statistical methods alone are not 

yet applicable.  To solve the vibro-acoustic problem in the whole frequency domain 

including the mid-frequency gap hybrid methods are used.  

The hybrid method is coupling SEA and FEM together by applying the concept of di-

rect field dynamic matrix. The method is presented by Shorter and Langley (2005) and a 

described by Ciriello et al. (2012). The method is visualized in Figure 11 where a thin 

plate is excited at boundaries. The plate is subsystem k and the degrees of freedom of 

the surrounding master system are written as q.  
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Figure 11. Subsystem k decomposed into direct and reverberant field. (Ciriello et. al. 

2012) 

If the boundaries of the subsystem are excited it generates waves. The forces of the sys-

tem can be divided into two components: to the direct field     
  , which takes into ac-

count the contribution of the initially generated waves and to the reverberant field     
  

which models all the subsequent reflections.  The total force can be presented as sum-

mation: 

         
      

    (14) 

    
   is a deterministic matrix and the random effects of system are incorporated in the 

reverberant force vector     
  by assuming that the reflecting waves constitute a random 

diffuse field in which the waves are scattered in all directions with similar probability. 

The equation that couples SEA and FEM can be given as: 
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where      indicates the average over the random systems,    is the modal density of 

the subsystem k and Im{} denotes the imaginary part.    is the energy of the subsystem 

which is solved by SEA.  

The above approach can be given also in more general form when it is applied on the 

complete hybrid model. Then the equation of motion can be given in form: 
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Where f  is the vector containing the external forces that are applied directly to the mas-

ter system,    is the dynamic stiffness matrix associated with the FE model. The sum-

mations are taken over the number of SEA subsystems which exist in the model. (Ciriel-

lo 2012) 

4.2 Computational Fluid Dynamics 

In the following chapters the theory of defining the aeroacoustic sources is presented 

and also the coupling of the aeroacoustic sources to the SEA model. The aeroacoustic 

sources consist of convective component and acoustic component. Incompressible CFD 

simulation is performed to compute the flow around the elevator car which also gives 

directly the convective pressure component on the elevator surface. Boundary element 

method (BEM) is used the compute the acoustic component of the flow. The surface 

pressure data from CFD is acting as a source for the BEM simulation. The BEM simula-

tion also computes the effect of the reflected waves from the shaft to the elevator sur-

face which would otherwise neglected. 

Computational fluid dynamics is a simulation method to analyze the systems involving 

fluid flow, heat transfer and in the context of this thesis it acts as a tool to calculate the 

source pressure for aeroacoustic loads. The governing equations of fluid flow are pre-

sented in this chapter and the theory of turbulence modeling.  

The governing equations of an incompressible flow are the continuity equation and the 

momentum equation. Using vector notation the continuity equation can be given for 

incompressible flow as: 

      , (18) 

where ∇ is a vector operator and u is the velocity vector. The continuity equation en-

sures that the law of conservation of mass is taken into account in the simulation. 

The momentum equation is derived from the Newton’s second law. It is usually referred 

as Navier-Stokes equation and for incompressible Newtonian fluid it can be given as: 
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where   is the velocity component, p is the pressure,     is the stress tensor,     is the 

effect of gravity and    represents other forces which can be caused by the accelerating 

movement of the coordination system or electric or magnetic field (Siikonen 2014). For 

more detailed derivation of Navier-Stokes equation, see Appendix 1.  

The Navier-Stokes equations are possible to solve directly without any turbulence mod-

el but it is still time consuming even with today’s computers for complex geometries as 
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they need an extremely dense mesh. To solve this problem different approximations and 

simplifications are applied and used in CFD. In most of the CFD solvers finite volume 

method is used where the flow volume is divided into discrete control volumes and 

governing equations are integrated over the control volume to yield discretized equa-

tions. The resulting equations are then solved in the control volumes. There are also 

other numerical solution techniques such as finite element or spectral method to solve 

the problem. 

4.2.1 Reynolds Averaged Navier Stokes equations 

The idea behind Reynolds Averaged Navier-Stokes (RANS) equations is to divide the 

velocity to a time-averaged component and the fluctuation component. The division is 

shown in Figure 12 where U is the averaged component and u’(t) the fluctuation com-

ponent. 

 

Figure 12.  Velocity of turbulent flow with. (Versteeg and Malasekera 2007, p. 41) 

Then equations can be modified to Reynolds-averaged Navier-Stokes (RANS) equa-

tions for incompressible fluids: 
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where normal letters mark the time averaged value,   is the kinematic viscosity and     

the Kronecker delta. The additional stress term     
   

 ̅̅ ̅̅ ̅̅ ̅ is called the Reynolds stress 

term. The RANS turbulence models are based either on solving straight the Reynolds 

stresses or by using the Boussinesq hypothesis: 
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where    is the turbulent viscosity and   is the turbulent kinetic energy. The latter are 

called the eddy viscosity models and they couple the    and   to separate equations. 

The turbulence models are divided to groups by how many additional differential equa-

tions are needed to solve the RANS equations. For example there are one-equation 

models such as Spalart-Allmaras where the turbulent viscosity is coupled to the turbu-

lent kinetic energy or two equation models such as k-ε model.  

4.2.2 Large Eddy Simulation 

Large Eddy Simulation (LES) is a turbulence model where the larger eddies are com-

puted with direct time-dependent simulation and eddies that are smaller than the grid 

size are modeled using sub-grid-scale models (SGS). By making the grid denser, LES 

closes the direct solving of Navier-Stokes equations. LES method uses spatial filtering 

method, which can be considered as a localized averaging over a region instead of time-

averaging as done in the RANS models (Mockett 2009). In acoustic simulation this is 

necessary because RANS averaging loses the spectral content of turbulence which is 

needed to obtain the pressure fluctuations (Menter 2012). 

The smaller eddies are assumed to be statistically isotropic and behaving more univer-

sally than larger scales and therefore being easier to model (Mockett 2009). The larger 

eddies contain the majority of the energy of the flow and are more dependent on geome-

try. Because of this the greater attention to the larger eddies can be justified. 

The downside of the LES is the computing costs. LES needs relatively dense mesh to 

work properly and especially the boundary layer has to be modeled with high resolu-

tion, at least 20 points per thickness in each direction (Spalart 2009). Also as LES is 

time-dependent it needs to be run for long enough to have statistically acceptable aver-

ages for the solved quantities (Siikonen 2014). Although with today’s computers LES is 

still too demanding it can be seen as one of the most promising tools for acoustic simu-

lation in future. 

4.2.3 Detached Eddy Simulation 

Detached Eddy Simulation (DES) is a hybrid turbulence model which combines LES 

and RANS. The turbulence scales which are larger than the grid are calculated with LES 

equations and the smaller scales are simulated with RANS equations. The motivation 

behind this approach is to have an accurate method to predict the large separations re-

gions and to have unsteady information for noise and vibration prediction. 
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In acoustic CFD simulation a scale-resolving turbulence model should be used because 

it calculates also the small-scale turbulence which is necessary for definition of pressure 

spectrum. For this work Detached Eddy Simulation (DES) was utilized which solves the 

spatially averaged Large Eddy Simulation (LES) equations in large scale turbulent vor-

tices and Reynolds Averaged Navier-Stokes in small scale turbulence.   

The grid of a DES simulation model does not have to be as dense as would have to be in 

LES which reduces the time needed and makes the calculations The wall boundary lay-

ers are completely covered by the RANS model and the free flow away from the walls 

is computed in LES mode (Menter 2012). Therefore the grid near the walls does not 

have to be as dense as it has to be in LES. This saves costs and makes the method more 

useful for engineering purposes. 

4.2.4 Convective Component 

The convective component of the flow is modeled as power input in SEA model. The 

method to couple the convective component to SEA is presented in this chapter. The 

convective component or the effect of the turbulent boundary layer (TBL) of the flow is 

obtained from the CFD data and modeled by using Corcos model (Corcos 1963).  

The convective component of the flow is modeled in as cross-spectrum 

      (       )   ( )  (       ), (22) 

where p(ω) is presenting the fluctuating surface pressure at the surface of the elevator. 

The pressure is defined as a function of frequency and it is obtained from the incom-

pressible CFD simulation (Golota & Blanchet 2015).  R represents the spatial correla-

tion function and for the convective component it can be presented by using Corcos 

model where the statistics of the wall pressure is assumed to have the form: 

   (       )      |  |   |  |         (23) 

where ∆x is the distance between two points in flow direction and ∆y is the distance in 

cross flow direction, αx and αy are the spatial correlation decay coefficients and kc is the 

convective wavenumber which can be given as        , where the    is the nominal 

speed of the flow. (Blanchet et al. 2014) 

The decay coefficients αx and αy and the convective wavenumber kc are called the Cor-

cos parameters which are modeling the turbulent boundary layer as a wavelet. The de-

cay coefficients vary between 0 and 1 and they define the excitation. When the decay 

coefficient goes to 0 the excitation is modeled as a spatially harmonic, non-damped sine 

wave and if the coefficient goes to 1 model consists of non-correlating random point 

excitations. Still even though the excitations are completely different spatially, the pow-

er spectral density remains the same for both cases. (Tanttari 2015) 
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The power input which is computed in SEA software and combines TBL excitation to 

SEA can be calculated from equation: 

 
   

    
〈    

 〉  

     

  
(24) 

where a and b are dimensions of the plate,    is the fluid density and    is the sound 

velocity in the fluid. 〈    
 〉 is presented by the cross-spectrum from the equation (22) 

(Blanchet 2014). 

4.3 Boundary Element Method 

Boundary element Method (BEM) is method for solving partial differential equations.  

BEM solves the acoustical quantities at the boundary of the domain instead of the whole 

domain itself. The domain is divided into surface region which is meshed and the gov-

erning equations are discretized on it and into the fluid domain which represents the 

surrounding fluid and its properties (Kirkup 2007). 

BEM is used to add the acoustic properties to the results of the incompressible CFD 

calculation. The CFD results are used as a source to BEM. The governing equation for 

linear acoustics for pressure in the frequency domain is the Helmholtz equation in fre-

quency domain: 

    ̂     ̂   ̂, (25) 

where  ̂         
  ̂       

   ,         represents the density perturbations, 

       is the acoustic wavenumber and  ̂    
  ̂  

      

 with  ̂       
    being the 

Lighthill’s stress tensor. (Schram 2009) 

For incompressible flow the acoustic component has to be solved separately and for this 

BEM can be utilized. The Helmholz equation can be replaced by the integral equation 

of the form: 
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where    is the acoustic pressure component,   is the Green’s free field function,   ( ) 

is the shape function of BEM and    is the hydrodynamic pressure which is imported 

from the CFD simulation to the BEM simulation (Golota and Blanchet 2015). The equa-

tion is called as Curle’s integral version of Lighthill equation and from it the acoustic 

component of the flow can be computed. Equation (26) is only valid for low Mach 

number flows (Ma < 0.3) because it is discarding the volume sources as these are con-

sidered negligible at low Mach numbers.  
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The Green’s function for Helmholtz equation describes the radiation from the point 

source on different points of the domain. In Curle’s integral equation the Green’s func-

tions are somewhat modified for the geometry and more precise description of them is 

given by Schram (2009). 

4.3.1 Acoustic Component 

The acoustic component of the flow is modeled similarly as convective by using cross-

spectrum which is presented in Equation (20). The acoustic pressure spectrum is ob-

tained from the BEM simulation. The difference compared to the convective component 

comes from the correlation function which for acoustic component can be given as: 

   (       )  
   (  )

  
  (27) 

where distance between two locations of surface is r = |x-x’| and k is the acoustic wave-

number (Blanchet et al 2014). The correlation function of acoustic component gives 

higher responses than the one of convective component and therefore as the acoustic 

component can have smaller amplitude than the convective one it can still be contrib-

uting more to the SPL.  

The power which is radiated from the diffuse acoustic field can be given as 
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where the pressure is the acoustic component which is also obtained from equation (22). 
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5. SIMULATION 

An overview of the simulation strategy is shown in Figure 13. CFD simulation of the 

flow around the elevator is done first. The fluctuating surface pressure on elevator walls 

is calculated from which the acoustic effects can be obtained. In this thesis the flow is 

modeled as incompressible which therefore contains only the convective component of 

the turbulent flow.  

The acoustic component of the flow can be computed by doing a BEM simulation in 

which the pressure data from CFD acts as a source for the simulation. In the BEM mod-

el acoustic propagation and scattering and also the reflections from the shaft are calcu-

lated. 

The structural excitations are extrapolated from previous data from lower speeds of 8 

and 10 m/s. Another option could also be to simulate the structural excitations by using 

FEM but the higher frequencies limit the use of FEM. Modal analysis is performed to 

calculate the eigenfrequencies and the vibration modes of the stiffer subsystems, e.g. 

sling and the floor, of the elevator.  

Vibro-acoustic simulation is done to obtain the SPL of the elevator cabins.  The simula-

tions are run by using hybrid model where the stiff parts are modeled using FEM and 

more flexible parts such as walls and doors with SEA. The convective component, 

acoustic component and the structural vibrations are applied to the vibro-acoustic simu-

lation model as excitations. 

 

Figure 13. The overview of the simulation process. 



31 

5.1 CFD 

The first step to solve the aeroacoustic loads was to perform a CFD study of the flow 

around the elevator. The CFD simulation was made with commercial software Ansys 

Fluent and the versions 15.0 and 16.2 were used. The elevator was defined to go down-

wards at the speed of 15 m/s. The simulations were done with a rigid mesh, with car 

being in a fixed position in the shaft. The case can be characterized as a wind tunnel 

study where the situation is defined by the boundary conditions which are presented in 

Table 3. The movement of the elevator is hence modeled by making the walls around 

the elevator move at speed of 15 m/s and also by making the air flow in to the volume at 

the same speed.  This approach was originally chosen because it is more robust than for 

example a moving mesh. The target of the simulation was to calculate the fluctuating 

surface pressure at the walls of the elevator car. 

Table 3. Boundary conditions. 

Part Boundary Condition 

Inlet, Bottom of the Shaft Flow 15 m/s Upwards 

Outlet, Top of the Shaft Zero Gauge Pressure  

Shaft Walls Moving 15 m/s Upwards, No Slip 

Guide Rails Moving 15 m/s Upwards, No Slip 

Car Walls Stationary, No Slip 
 

In Figure 14 the geometry of the simulation is shown. The geometry of the car is mod-

eled as a Tytyri Double Deck elevator. The inlet of the flow is marked with green and 

the outlet with red. The shaft does not include any details as it is modeled as a smooth 

wall. Also the effects of the counterweight and the landing doors are neglected. This is 

done because the effect of the flow velocity on the noise level was wanted to be re-

searched. By having more details in the shaft the simulation could be closer to the reali-

ty but it would be also harder to identify the effect of the speed to SPL. 



32 

 

Figure 14. The geometry and the inlet and the outlet of the simulation. 

The flow noise includes two components: acoustic component which consists of the 

acoustic waves, generated by surfaces, travelling with the flow and the convective com-

ponent which is related to the pressure field generated by eddies travelling at the con-

vection speed (Blanchet et al. 2015). In this thesis the flow was modeled as incompress-

ible which can be done when the Mach number is low (Ma < 0.3). Because of this the 

CFD results do not include the acoustic component of the flow, which is therefore simu-

lated separately using BEM.  

Compressible CFD calculations can also be performed when the CFD data includes 

both the convective and acoustic component and the separate BEM simulation could be 

avoided. The challenge of the compressible CFD for acoustic simulation is that the tur-

bulence is very small scale which requires a dense mesh and acoustics requires a large 

spatial region to be modeled (Blanchet et al., 2014). A method to acquire the flow com-

ponents from compressible data is presented in Appendix 1. 
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5.1.1  Mesh 

Hexahedral cut-cell mesh was used in CFD simulations. Structured hexahedral mesh 

would give the most accurate results in the situations where the direction of the flow is 

aligned with the mesh as the numeric diffusion due the mesh would be low. But as the 

pure structured hexahedral mesh is near impossible to create for complex geometry, cut-

cell mesh was used as a compromise. This approach gives a good quality mesh in the 

detached eddy regions but the boundary layer with similar quality is more difficult to 

create.  

The final cut-cell mesh consisted of approximately 35 million cells. The boundary lay-

ers are automatically refined in the cut-cell method as the mesh is generated by cutting 

the larger cells to smaller parts. An example of the cut-cell mesh is given in Figure 15. 

 

Figure 15. An example of cut-cell mesh (Fluent Manual, 2015) 

The drawback of the cut-cell meshing is that it creates some polyhedral elements to the 

surface mesh. This is problematic in Fluent version 16.2 because the acoustic sources 

could not be saved on the polyhedral surface elements. In former Fluent 15.0 version 

this was not a problem and therefore the calculations were performed with the older 

version of the software.  

5.1.2 Modeling of turbulence 

The CFD calculations were done as transient because turbulence is stochastic and time-

dependent phenomenon and steady state calculations do not include the frequency con-

tent of the pressure. Also the Reynolds averaging eliminates the spectral content of the 

flow which confines the use of unsteady RANS-simulations (URANS) (Menter, 2012). 

The spectral content of surface pressure data is needed in acoustic simulation to calcu-

late the SPL. For this reason the scale-resolving simulation (SRS) is chosen. 

Scale-resolving turbulence models, such as Large Eddy Simulation (LES) or Detached 

Eddy Simulation (DES), are simulating the large scale turbulences explicitly and small-

er scales are modeled DES is a hybrid turbulence model which adopts LES to simulate 
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the larger turbulence scales and RANS at lower scales. In this simulation the model 

used was the DES Spalart-Allmaras which models the flow when in RANS mode with 

the Spalart-Allmaras one equation model. 

As the simulation is transient and it is wanted to be compared to the previously done 10 

m/s simulations the time-step is defined with the help of the Courant number 

   
   

  
, (29) 

where U is the flow velocity, ∆t is the time-step and ∆x is the mesh size. The Courant 

number is wanted to be same between the cases, and while the mesh is same in both 

cases, the time-step of this study can be given as 

      
       

   
, (30) 

where the subscriptions 10 and 15 denote the speed of the flow. The time step of the 

comparison case is              , this results to the time step of this case being 

               . 

Before the actual transient simulation the case had to be initialized with steady state 

calculation. It should be noticed that a double-precision solver should be used in Fluent 

to get the most precise result. In acoustic simulation the greatest precision is needed and 

small variations in results can have a great effect on the final results. The initialization 

was calculated for 1600 iterations to achieve steady state flow situation.  

The transient simulations were started with higher time-steps before the actual saving of 

the pressure data to wake the turbulence. The precise description of the solution file can 

be found in Appendix 3. Before the saving the solution was calculated for 3800 time-

steps and each time-step having 8 iterations. The transient calculations were performed 

at FS Dynamics’ cluster because of the extended duration of simulation. The acoustic 

source data was saved on the elevator car walls at every fifth time-step during the final 

phase of the CFD calculations. The resulting fluctuating surface pressure data contained 

221 files. The driving file used for the transient simulation can be seen in Appendix 3. 

It is important to notice that the time-step and the interval of the saving of the data de-

fine the frequency. The time and frequency parameters of the flow data are given in 

Table 4. The Nyquist frequency defines the upper limit of the simulation with the given 

sample rate df. N is the number of the saved files and T is the duration of the simulation. 
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Table 4. The frequency parameters of the CFD data. 

CFD  
Time-Step  

[s] 

FSP Data 
Time-Step  

[s] 

Nyquist  
Frequency  

[Hz] 
N 

T 
[s] 

df  
[Hz] 

0,000067 0,000335 1493 221 0,074 13,51 

 

As can be seen the duration of simulation is quite short as the total time is only 0,074 

seconds. This can be considered long enough but originally the target was to simulate a 

longer period of time. A reason behind this was the challenge with Fluent’s solver 

which crashed after certain period of time due to memory leak. The longer period of 

simulated CFD data would give a lower sample rate and therefore the fitting of the Cor-

cos parameters could give better results at some areas. But all in all as the sample rate is 

between 10–20 Hz it is in the acceptable region. 

5.1.3  Q-criterion 

There are several methods to identify vortex from the CFD simulation and a useful de-

scription is given by Chakraborty et al. (2005). In this thesis the Q-criterion is chosen as 

a tool to identify the vortices of flow. It is based on the velocity gradient tensor 

             (31) 

where     is the symmetric part and known as a rate of strain tensor and     is the skew 

symmetric part and known as a vorticity tensor. The Q-criterion can be given as  

      
     

   . (32) 

The Q-criterion plots the areas where the vorticity tensor is greater than the rate of strain 

tensor. It has also additional condition that the pressure in the eddy region is lower than 

the ambient pressure. 

5.2 Corcos Parameters 

The second phase of the simulation process was to obtain the decay coefficients αx, αy 

and the convective wavenumber kc which are known as the Corcos parameters. The 

convective component of the flow is modeled according to the Corcos model and there-

fore the parameters and the convective pressure source spectrum is necessary to acquire 

from the CFD data. 

The surface mesh from the CFD simulation was imported to VA One which is shown in 

red color in Figure 16, the dark blue arrows indicate the direction of mean flow and the 
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division to surfaces of elevator parts is shown in turquoise. The blue lines indicate the 

connection between fluctuating surface pressure load and group of elevator surfaces. 

There can be several plates connected to one load to have a larger group of data from 

which the Corcos parameters are calculated. It is important to notice that the division 

should be done in such a way that the surfaces represent the structural subsystems that 

they are applied to. For example the doors can be grouped under one load. 

 

Figure 16. The Corcos  parameter surface division. 

The first step to obtain the Corcos parameters is to import the time-dependent pressure 

data to one of the elevator surfaces that are shown in Figure 16. The importing of pres-

sure on a surface is shown in Figure 17. The pressure data goes through a Fast Fourier 

Transform (FFT) which converts the data from time to frequency domain. The pressure 

is imported on a finite element surface and it is spatially averaged over the surface to 

obtain a pressure spectrum. 
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Figure 17. The imported surface pressure on the doors of the upper car. 

The decay coefficients and the convective wavenumber are calculated from the import-

ed pressure. The program creates a coarser grid on the chosen surface and calculates a 

correlation function by averaging spatially over this newly defined grid. In Figure 18 an 

example of the fitting of the convective wavenumber is given. The software calculates 

the values of the wavenumber, the red dots in the figure, from the phase information of 

the imported pressure cross correlation of the flow. At certain point, usually before 100 

Hz, the calculated data is no more valid because at higher frequencies the wavelength 

becomes shorter than the surface grid size and cannot be captured. Because the final 

simulation is done up to 630 Hz a linear fit is applied to the data and the convective 

wavenumber is assumed to decrease linearly up to the upper frequency limit.   
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Figure 18. Extracted convective wavenumber from the surface pressure data and fit-

ted wavenumber used in simulations. 

The value of the decay coefficient of the flow direction    is defined to be in class of 

0.1 and the value of the cross-flow coefficient    around 0.7 (VA One 2015).  The ex-

ample of decay coefficients are shown in Figure 19. The valid part of the data is be-

tween 0-100 Hz and the value of the coefficient is calculated by averaging at this range. 

At higher frequencies the data becomes noisy and cannot be used. 

 

Figure 19. Decay coefficients on right side of the middle spoiler. 

At 6 elevator surfaces the data was arbitrary and could not be used. For example at the 

back of the elevator no valid fits could be obtained. 14 good fits were extracted at simi-

lar elevator faces as were used in the previous simulation at the speed of 10 m/s. Exam-

ples of unsatisfactory fits of wavenumber and decay coefficients are given in Figure 20 

and Figure 21. 
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Figure 20. Example of an improper wavenumber fit. 

 

Figure 21. Example of an improper decay coefficient fit. 

 

5.3 Boundary Element Method 

As the flow is modeled as incompressible, to acquire the acoustic component of the 

flow it has to solved separately. The BEM utilized for this and the model is shown in 

Figure 22. In simulation of the acoustic component the fluctuating surface pressure from 

CFD is imported on the elevator surface, shown as green in Figure 22, and it is acting as 
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a source for BEM simulation. The surface sources are only taken into account because 

the volume sources are negligible at the low Mach numbers (Ma < 0.3). The pressure 

data from CFD is in time domain and as it is imported it goes through FFT as the BEM 

is solved in frequency domain. The grey surface models the shaft walls and it reflects 

the acoustic waves while the ends of the shaft, shown in brown, are absorbing the 

acoustic waves that are reflected on them.  

 

Figure 22. BEM model of the Double Deck elevator and the shaft. 

The acoustic component is recovered on the surfaces that are shown in Figure 23. The 

surfaces, which are modeled hovering just above the elevator system, represent the ele-

vator parts such as doors and spoilers. The recovered pressure spectra from the surfaces 

are transferred to the SEA model in which these are used as sources for acoustic com-

ponent. The simulation is done in steady state which might lead to some over predic-

tions because some waves might be reflected to the data recovery faces more times than 

they would in reality where the elevator is moving.  
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Figure 23. The pressure recovery faces of the BEM model (Tanttari, 2015). 

There were also some challenges regarding the CFD data. As the pressure data from 

CFD simulation contains 221 time steps at some point Fluent has made a writing error. 

The error has resulted in files that include pressure data that varies on surface elements 

from high to very low pressures. One region where this happens is shown in Figure 24. 

Because of this only the last 114 time-steps could be used as the time series needs to be 

continuous and at this point no working solution to avoid this could found. Nevertheless 

114 time-steps should be enough as the bandwidth of the solution still remains at 26 Hz. 

 

Figure 24. The surface pressure imported on the elevator surface showing corrupted 

data. 
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5.4 Structural Loads 

The roller guides and ropes were modeled in this work as a point forces. The forces 

were obtained from the previously done vibration velocity measurements at lower 

speeds at 8 and 10 m/s. The vibration velocity can be converted to force with equation 

(33): 

  ( )  
 

 ( )
 ( ), (33) 

where F is force,    is frequency, Y mechanical admittance (or mobility) and  v is 

vibration velocity. The mechanical mobility is obtained from the FEM simulation of the 

sling and it is different at every point of the sling.  

An example of vertical force spectrum is given in Figure 25 where the force is plotted 

with three different speeds, the 8 and 10 m/s curves are measured and 15 m/s is 

extrapolated from the 10 m/s data.  The example is taken from the top left roller guide. 

The rolling noise levels in train industry are expected to increase proportionally to the 

logarithm of speed as: 

               (
 

  
) (34) 

where     is the A-weighted SPL at a reference speed   . The speed exponent N is 

expected to be between 25 and 35 with 30 being typical value (Thompson 2009).  

 

Figure 25. The force spectra of right to roller in Y-direction. 
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The roller forces were obtained by multiplying the force spectrum from 10 m/s by con-

stant       . This was obtained by doing simulations with different constant values 

in simple VA One model. The A-weighted SPL results of these simulations were com-

pared to the relation that is given in equation (34). In Figure 25 above 400 Hz the 15 

m/s spectrum may be underestimating the force values. At least when comparing the 

measured force spectrum from speeds of 8 and 10 m/s, the difference seems to be high-

er. Optionally the frequency zone could be divided in two and use different multiplier 

for lower and higher frequencies. But as the speed increases the aeroacoustic loads are 

expected to be more significant at higher frequencies so no such a division was made.  

 

Figure 26. Finite element sling and extracted forces. 

The sling of the double deck elevator is shown in Figure 26. It is modeled by using fi-

nite element method (FEM) and contains the structural modes in the frequency range up 

to 630 Hz. The structural forces which are divided to horizontal and vertical compo-

nents are applied to as a point forces. 18 point forces were applied on the sling. The 

sling is modeled with FEM because it is a stiff structure which might cause challenges 
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to the pure SEA. The floors and top fixings of the both upper and lower cars are also 

included to the finite element model.  

5.5 Hybrid SEA-FEM 

The elevator is divided into master system which is modeled with FEM and subsystems 

that are modeled with SEA. In the elevator model the master system is the sling which 

is constructed of stiffer beam components.  This is done because the stiffer structures 

are expected to behave in deterministic way and using statistical methods would be un-

reliable. At lower frequencies (f < 200 Hz) deterministic simulation is reasonable but at 

the higher frequencies the degrees of freedom increases and the computing time become 

longer and the reliability of the results decreases. SEA alone is limited to higher fre-

quencies (f  > 400 Hz) and by doing two separate simulations with FEM and SEA 

would leave a gap between 200–400 Hz where no reliable data could be produced.  

The vibro-acoustic simulation part of this work was computed using commercial soft-

ware VA One. The software includes statistical energy analysis solver which can be 

coupled with deterministic method, in this case FEM. The previously solved aeroacous-

tic and structural excitations are imported into the simulation model of an elevator. The 

convective and the acoustic components of the flow are modeled in multiphysic simula-

tion by using Turbulent Boundary Layer (TBL) and Diffusive Acoustic Field (DAF) 

excitations. The symbols of the loads in VA One are presented in Figure 27.  

 

Figure 27. Turbulent Boundary Layer and Diffusive Acoustic Field excitations. 

5.5.1 Simulation Models 

The SPL simulations were done in VA One and two models were used for different load 

cases which are shown in Figure 28. The aeroacoustic load case was simulated in pure 

SEA model. The sling subsystem is left out because the acoustic loads are applied only 

to SEA faces which are flexible compared to the sling and therefore the sling has negli-

gible effect to the SPL with this load case. Also adding the sling to the model increases 

the solution time of the model from some seconds to 1-2 days.  
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Figure 28. Two VA One models where the simulations were done. 

The structural load case was simulated in hybrid model which combines the SEA plates 

and stiff sling which is modeled using FEM. The aero loads were left out to gain the 

structural noise transfer paths. The SEA plates are attached to the sling by hybrid junc-

tions. Therefore the vibrations induced by the structural loads transfer from the sling to 

the walls and other elevator parts which are modeled using SEA. The vibrating panels 

create pressure fluctuation, which is modeled in SEA model as a power input, to the 

acoustic cavities and hence induce noise. 

The leaks in the elevator are modeled to the area junctions between two SEA subsys-

tems such as wall panel and car acoustic cavity. It should be noticed that only DAF ex-

citation can transfer through leaks and as they are the main contributor to the noise lev-

el, the leaks have a major impact on SPL. The leaks are be modeled by their surface 
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area. The exact geometry cannot be modeled but details, for example labyrinths in door 

seals, can be taken into account by selecting a shape of the leak and dividing the width 

of the leak by the number of obstacles. Another option to model the leak is to measure 

the noise transmission of the leak. From this the transmission loss properties can be ob-

tained and then applied to the leaks in VA One. This approach was taken in the case of 

the car fan boxes but could also be broadened to the door seals. 

The definitions of different load cases are shown in Figure 29. The model was simulated 

both with acoustic and convective component separately and these together form the 

aeroacoustic loads. Also the structural load case was simulated separately. The total 

SPL is simulated while all the excitations are applied. 

 

Figure 29. The description of different simulation cases. 
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6. RESULTS AND DISCUSSION 

The results of the simulations are presented in this chapter and a comparison between 

the speeds of 10 and 15 m/s is made. In the CFD section the velocities, turbulent struc-

tures of flow and forces of the two cases are compared. The convective and acoustic 

source components are compared in their own chapters with both speeds. Finally the 

results from the SEA simulation are presented. The section contains the sound pressure 

levels with both aeroacoustic and structural loads. The transfer paths which were also 

obtained and ranked during the process but are not presented. 

It should be noticed that all the CFD result figures are taken from the last time-step of 

the simulation which are showing the instantaneous conditions of the selected parame-

ter. For example the fluctuations of velocities are caused by the turbulence of the flow 

not by too coarse mesh or bad convergence. The fluctuations are important feature of 

the scale resolving simulation and they are necessary for obtaining the acoustics from 

the CFD data. This is different from the results that RANS simulations give where the 

flow parameters are time-averaged and the parameters are therefore shown as smooth 

and the fluctuations are lost. 

6.1 CFD Results and comparison 

The velocities around the elevator car are plotted in Figure 30 and Figure 31. The veloc-

ities can be expected to increase due to the higher speed. The factor of flow velocity 

increase is near to the relation of overall speeds being 1.5 which is expected.  Still at 

some points, for example at the back side of the car where the spoilers start, the maxi-

mum velocities tend to increase more than by the expected relation. Also the turbulent 

fluctuations on the front side of the door are more powerful with the 15 m/s compared 

to the lower speed. The turbulent velocity fluctuations can also predict the places of the 

most critical pressure fluctuations which can be assumed to be on the front side of the 

lower spoiler.  In conclusion the velocities are not fully scalable by the relation of the 

speed of the elevator. 
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Figure 30. Velocity contours on side middle plane with 15 m/s and 10 m/s. 

In Figure 31 the velocity is plotted on front plane. What is to be noticed that on the sides 

of the elevator velocity is fluctuating a lot. This is because the front plate of the bottom 

spoiler creates vortices on both sides of the elevator which can be more clearly be seen 

in the Figure 32 where the turbulent structures are shown. The vortex is more clearly 

seen at the speed of 15 m/s.  
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Figure 31. Velocity contours on front plane with 15 m/s and 10 m/s. 

 

The turbulent structures of the flow are represented in Figure 32 by using the Q-

criterion. As can be seen the turbulence increases all over the elevator surface. The tur-

bulent increasing of the turbulent structures increases the pressure fluctuation on the 

surfaces. Also the effect of the streamlined shape is clearly seen at the back of the eleva-

tor where the surface is smooth and not clear increase in turbulent structures can be ob-
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served. It should be also noticed that as the turbulence increases, for example at the 

sides of the elevator, it does not have as big an effect to the sound pressure level inside 

the elevator as  increase at the more critical structures such as doors. 

 

 

Figure 32. Turbulent structures by using Q-criterion at 5 000. 

The velocity contour plot of the nose of the elevator is presented in Figure 33. The sepa-

ration of the flow at the back side of the car would increase the drag significantly but 

the as can be seen the flow remains attached to the wall even though the maximum flow 

speed is in this area. At front side of the spoiler the flow separates from the structure 

and creates a domain where the flow is going backwards.  This creates disturbances in 

the flow at the front side of the car along with the discontinuities in the wall. And as 

earlier mentioned more stable velocity field would lower the pressure fluctuations and 

result to the lower source pressure levels. 
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Figure 33. Velocity contour at the nose of the elevator. Backflow can be seen at the 

front side with the speed of 15 m/s. 

 

The static pressure around the elevator car is presented in Figure 34. The effect of the 

increased velocity can be seen here as increasing difference between the high pressure 

and low pressure areas. These do affect the forces that are originating from the flow. It 

should be also taken into account that the elevator shaft is modeled as a smooth surface 

which reduces the pressure fluctuations. In reality the landing doors would also have an 

effect to pressure level. 
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Figure 34. The static pressure around the elevator car with 15 and 10 m/s to down-

wards direction. 

The flow creates forces to the elevator surfaces which are presented in Figure 35. The 

directions are defined as: 

 X-direction from the back of the elevator to the doors 

 Y-direction between the guiderails  

 Z-direction is vertical. 

The vertical force s to be expected increase in relation F ~ v
2
 and the resulting force is 

nearly what the relation would suggest. The force in Y-direction is also in similar re-

gion. In X-direction the force is much greater with the higher speed and it pushes the 
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car away from doors. This may be because the increased speed creates a low pressure 

region to the back of the car which may create some suction to that direction. 

 

Figure 35. The differences of total forces effecting on the elevator surface with 10 

and 15 m/s. 

6.2 Convective Component: Source Pressures 

In Figure 36 the averaged root mean squared (RMS) pressures on elevator surfaces ob-

tained from the imported CFD data are shown. The pressure differences between 10 m/s 

and 15 m/s are quite significant with the maximum difference being 24.4 dBA on the 

left side of upper spoiler. The increase of the pressure might be explained by the in-

creased turbulence on the surfaces which has a direct effect on the fluctuating surface 

pressure. Also now that there is more turbulence in the model it is easier to capture with 

the current mesh. Even though the grid that is used in CFD simulation is quite dense, 

the turbulent structures on the lower speed may be so small that not all of them are cap-

tured and because of that, the convective component in 10 m/s simulation might be un-

der predicted.  

Still it can be seen that the pressure values that were the lowest seemed to increase the 

most. For example at the both sides of the upper spoiler the pressure values are growing 

over 20 dBA and those were the lowest pressure values on the 10 m/s case. It should be 

also noticed that the use of the A-weighted values increase the difference as the lower 

frequencies are scaled down.  
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Figure 36. Increase of source pressures of Convective Component for 10 m/s and 15 

m/s. 

The sound pressure spectra are presented in Figure 37 and Figure 38 for 10 and 15 m/s. 

It is to be noticed that the values are A-weighted and still the lower frequencies between 

40–100 Hz are clearly dominating in both cases. This is expected as the convective 

component is induced by the direct fluctuations in flow which are not usually that high 

in frequency. 

In upper car difference of the overall SPL is 23.6 dBA which seems to be in the same 

class as the increase of the source pressures. In the lower car the difference is little low-

er 18.1 dBA although the overall SPL values are higher. Usually in Double Deck eleva-

tor the SPL is higher inside the car which is first in the headed direction, in this case in 

the lower car. The simulation of convective component seems to go according to this 

analogy. 
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Figure 37. SPL spectrum inside the upper car induced by the convective component. 

 

Figure 38. SPL spectrum  inside the lower car induced by the convective component. 

6.3 Acoustic Component 

The BEM simulation was performed in VTT by Jukka Tanttari. The results of the BEM 

are presented in this chapter and analyzed. The acoustic component of the flow that is 

obtained from the BEM simulation is presented in Figure 39 with speeds 10 m/s and 15 

m/s. The dashed lines represent the A-weighted values. The spectra are obtained on a 

surface mesh that consists of whole elevator. This shows that the most critical frequen-

cies are between 125–630 Hz. At 10 m/s the 125 Hz was clearly the most dominating 

frequency but at 15 m/s the higher frequencies are becoming more significant. Also at 
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630 Hz the acoustic component seems to be still increasing in both cases and would be 

interesting to simulate the BEM further to see if the pressures would start to decrease. 

 

Figure 39. The spectrum of the acoustic component on the elevator surface mesh. 

 

In Figure 40 the pressures which will be acting as sources in SEA simulation are pre-

sented on elevator parts. The values are non-weighted as they are compared to relation 

of flow speeds which can be given as: 
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where the      is the obtained acoustic component source pressure at the speed of 15 

m/s,      at 10 m/s,     and     are the flow velocities.  (Crocker 2008, p 1083) 
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Figure 40. Acoustic component source pressure differences averaged on elevator 

parts. 

The values of N are expected to be at the range from 45 to 60 and they are presented in 

Table 5. At lower car the relation suggests that the difference of the pressures between 

10 and 15 m/s is slightly lower than predicted and at the middle spoiler higher. But gen-

erally the values are very close to the range and can be accepted as the relation is made 

for automotive industry where the speeds are higher. 

Table 5. The logarithmic relation of the acoustic component. 

 

Lower 
Spoiler 

Lower 
Car 

Middle 
Spoiler 

Upper 
Car 

Upper 
Spoiler 

N 55 43 61 50 60 

 

The acoustic component at 125 Hz is shown in Figure 41. As can be seen at the upper 

car, the 125 Hz frequency is inducing high pressures at the front and right side of the 

upper car. This might lead to the over prediction of the SPLs at the inner cavity of the 

upper car. Compared to the 10 m/s results 125 Hz frequency was also significant but it 

contributed to both cars equally. At the higher speed the 125 Hz frequency seems to 

contributing more to the upper car. The BEM simulation was computed in steady state 

which might have an effect to this phenomenon. As the car is not moving more acoustic 

waves are reflected to the elevator surface compared to the transient situation. 
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Figure 41. BEM pressures on data recovery faces at 125 HZ with speeds 10 and 15 

m/s. 

6.4 Structural Contribution to SPL 

The sound pressure spectra induced by the structural loads is shown in Figure 42 for 

both upper and lower car. The first iteration run is marked with dashed red line for up-

per car. The overall SPL value relations represented by logarithmic N multipliers are 

presented in Table 6. 
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Figure 42. SPL spectrum induced by the structural loads. 

Table 6. The in car SPL values and logarithmic N relation for upper and lower car. 

 

UC 80 Hz 
Peak UC LC 

N 49.4 29.5 26.1  

 

The structural load spectra were originally extrapolated from the measured data by mul-

tiplying them with suiting factor. After the first round of simulation the response at 80 

Hz seemed higher than expected and the logarithmic relation N was 49.4 which is much 

higher that the appropriate value of 35. Therefore an exception was made and measured 

force values from 10 m/s were used in 80 Hz frequency band. Around 80 Hz there may 

be a resonance and while comparing the force spectra from measured data from differ-

ent speeds, no clear speed dependency was noticed in loads at 80 Hz. After the second 

iteration the response at 80 Hz seemed much sensible and also the overall SPL value 

decreased to acceptable level. 

6.5 Total Sound Pressure Levels 

The sound pressure spectra inside the elevator cabins are given in Figure 43 and Figure 

44. In both figures the total SPL is simulated with total loading which combines the 

aeroacoustic and structural loads. Measured spectrum for 10 m/s is also shown in both 

cars. It should be taken into account that the measured spectra are taken with one mi-

crophone from the middle of the cars and the computed values are from the average 

pressures inside the cars. 

Comparing the 15 m/s values to the simulated values of 10 m/s in the upper car the 

higher frequencies (f  > 200 Hz) seem to increase the most which is quite reasonable. 
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Usually as speed increases the higher frequencies tend to increase their significance 

(Crocker 2009).  Comparing the 10 m/s simulated and measured spectra the prediction 

through the frequency range is satisfying. The peak at 80 Hz is caused by the high peak 

at structural forces in the simulation model. The same peak can be seen in the 15 m/s 

curve and but the effect of it to the overall SPL at this speed is negligible. The peak at 

125 Hz is caused by the BEM simulation and because of this the overall SPL might be 

higher than in reality. 

In lower car, Figure 44, the SPL is as well completely dominated by the aeroacoustic 

loads. Although in the lower car the sound pressure values at both lower and higher fre-

quencies seem to grow 10–13 dBA.  At the speed of 15 m/s the peak at 125 Hz is not 

anymore the only contributor to the overall SPL whereas the frequencies at 250, 315 

and 630 are the most significant ones.  At 10 m/s the measured and simulated spectra 

matches each other better than in the upper car. The 125 Hz peak is still the dominating 

one but at the other frequencies the simulated curve varies around the measured values. 

 

 

Figure 43. Sound Pressure Levels inside the upper car. 
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Figure 44. SPL spectrum inside the lower car. 

The SPL spectra are presented in Figure 45 and Figure 46 for different contributing 

components. It can be seen that only at the lower frequencies the overall spectrum is 

affected by the other sources than the acoustic component. In other words the acoustic 

component is dominant after 100 Hz in both cars. 

 

Figure 45. SPL spectra in upper car with all loads and the contribution to the total 

level. 
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Figure 46. SPL spectra in lower car with all loads and the contribution to the total 

level.  

In Figure 47 and Figure 48 the SPL in car cavities are shown. What can be seen clearly 

is that the acoustic component is the most dominating and defines the magnitude of SPL 

inside the elevator. Also the upper car gives higher results than the lower car which 

might be because the BEM model used is simulated in steady state and if the model was 

simulated in transient mode there might be less reflecting waves captured. This may be 

also over predicting the SPLs by some decibels. Also in these results should be noticed 

that the in car cavity is modeled using SEA which averages the pressure field over the 

volume. If these results are directly compared to the measured SPL values, the meas-

urements should be done at several points inside the car and comparable SPL value can 

be obtained by averaging these measured spectra. Another possibility would be to mod-

el the inner cavities using FEM when the SPL could be taken from the element that is 

closer to the actual microphone location. 
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Figure 47. Upper car Sound Pressure Level differences for 10 m/s and 15 m/s with 

different loads. 

 

Figure 48. Lower car Sound Pressure Level differences for 10 m/s and 15 m/s with 

different loads. 

The SPL in the upper car is higher than in the lower car. Certain frequencies in the 

BEM simulation seemed to have a higher response at the upper car surfaces than in 

lower car which might have an impact to the predicted levels. The SPL in automotive 

industry above 14 m/s is expected to rise according to the relation SPL ~    
where the 
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exponent a varies between 5.3 and 6.3 depending on frequency (Crocker 2009). In the 

elevator the value of the exponent is around 6 for the whole simulated frequency range 

from 40–630 Hz which seems quite reasonable. 

In both upper and lower car the convective component increases the most but as can be 

seen the impact of it to the final SPL has been negligible on 10 m/s and it remains at 

low level even it reaches the structural contribution in the lower car. The increase of the 

convective component can be explained by the increased turbulence on the elevator sur-

faces. While simulation of the 10 m/s case the generation of turbulence was lower or the 

structures were so small that they were not caught as the mesh was not dense enough. 

This might have led to under predicted levels of the convective component.  

6.6 Component Development Proposals 

The existing CFD data around the door area could be used to develop the sealing of the 

door. And the effect of the sealing can easily be simulated in existing SEA models. Also 

the transmission properties of the seals could be studied further to have a precise proper-

ty library of the seals used in KONE to use them later in the simulation models. 

The CFD simulation shoved a lot of turbulent structures already at 10 m/s and those 

seemed to be increasing at the higher speed. These were originated from the sharp edges 

and discontinuities of the doors. Usually in noise control the most efficient way to 

achieve a lower SPL is to decrease the power of the noise source, if possible. To achieve 

this the door structures could be streamlined or made hermetic which would presumably 

lower the acoustic source pressure on the doors. This could be an interesting topic for 

more studying. Another CFD simulation with hermetic door geometry would give more 

information of the effects. 

The structural vibrations from the ropes and rollers seemed to get past the isolation of 

the top fixing quite easily and therefore the sound was transferred. This could be re-

duced with better isolation or with different kind of top fixing. This is especially im-

portant in the upper car where the ropes and rollers are close to the top fixing and the 

roof. 

6.7 Future Work 

The SEA model of the elevator could also be used at lower speeds to develop the sound 

insulation of the car. As it is known the structural noise sources are contributing more to 

the SPL compared to aeroacoustic loads at lower speeds. Also the structural loads could 

be measured instead of simulating as elevators traveling at lower speeds exist.  

Different ways of simulation could also be used. The flow calculations could be done in 

compressible mode when the CFD data would have the acoustic component in it. For 



65 

obtaining it there are tools available in VA One. For example to characterize the acous-

tic component, a wave number analysis could be performed. This would also make the 

BEM simulation unnecessary and thus reducing the phases of the work. Also as the 

BEM simulation is done in steady state the model may over predict the reflections to the 

elevator car because it is not moving. The possibility to do a transient BEM simulation 

and the effect of it could therefore be further studied.  

Also the reflecting environment of the elevator shaft could be studied further. For ex-

ample by installing a speaker to the outer surface of the elevator, to act as a sound 

source, the sound pressure level could be measured inside the car at both static state and 

while the elevator is moving. By doing this, some information of the significance of the 

steady BEM model could be achieved as more information of the reflecting waves 

would be gained. 
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7. CONCLUSIONS 

In this master’s thesis the sound pressure levels in elevator were simulated using hybrid 

method in frequency range from 40 to 630 Hz. The simulations were done by using the 

geometry of Double Deck elevator traveling downwards. The effect of increased speed 

from 10 to 15 m/s was also studied by comparing the results to the previously done 

simulations. 

The defining of the loads effecting on the elevator was a major part of the thesis. Aeroa-

coustic loads were simulated: the convective component of the flow was obtained from 

computational fluid dynamics simulation and acoustic component was simulated with 

boundary element method. The structural loads which are caused by the ropes and roll-

ers guides were extrapolated from the measurements and FEM simulations from lower 

speeds. The simulated excitations were imported to the vibro-acoustic simulation soft-

ware VA One  in which the SPLs were computed. 

Increasing the speed by 5 m/s increases the simulated sound pressure level inside the car 

by 8.9–9.5 dBA. The SPL is mainly contributed by aeroacoustic loads and more pre-

cisely the acoustic component of the flow seems to be the most significant contributor 

to the overall SPL. At 15 m/s the effect of the structural loads on SPL are negligible in 

higher frequencies but in lower frequencies they have an effect. Higher frequencies are 

dominated by the acoustic component of the flow. 

Hybrid method which combines SEA and FEM is a powerful tool to predict the sound 

pressure spectrum from lower frequencies to higher with moderate costs and computing 

time. This seems to be difficult for other acoustic prediction methods. The hybrid meth-

od also gives a tool to rank the noise transfer paths and hence directs the attention to 

those areas which need to be developed and therefore significant improvement on SPL 

in elevator car could be achieved.  
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APPENDIX 1: DERIVATION OF N-S EQUATIONS 

CONTINUITY EQUATION 

The continuity equation is derived from the mass conservation law: 

 

 
  

  
 ∑ ̇   ∑ ̇     (1) 

where m is mass, t is time and  in is the mass flow to the volume and  out is the mass 

flow out of the volume. Equation states that change of mass is equivalent to mass flow 

through volume. Mass can be expressed as: 

          , (2) 

where ρ is density and ∆x, ∆y and ∆z represent the length of the sides of the infinitesi-

mal control volume which is shown in Figure 49. 

 

Figure 49. Infinitesimal control volume for derivation of the continuity equation. (Tu 

et al., pp. 63, 2012) 

 

In Figure 49 an infinitesimal control volume and the mass flow through it is expressed. 

The continuity equation (3) can be expressed: 

 
  

  
 

   

  
 

   

  
 

   

  
    (3) 
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where ρ is density, u is the velocity in the x-direction, v is the velocity in the y-direction 

and w is the velocity in the z-direction. As in the models the air is defined as incom-

pressible the density does not change hence it can be taken out of the partial differen-

tials and the time term goes to zero. Therefore the incompressible continuity equation 

can be expressed: 

 
  

  
 

  

  
 

  

  
    (4) 

MOMENTUM EQUATION 

 

The base of the momentum equations is the Newton’s second law, 

 ∑        (5) 

where the Fx and ax are the force and acceleration along the x direction. Acceleration 

can also be expressed as the time rate change of speed and mass with density and vol-

ume which will give us equation (6) 

 ∑    
  

  
        (6) 

 

 

Figure 50. Infinitesimal control volume for momentum equation. (Versteeg & 

Malasekera, pp. 15. 2007) 

The forces to the equation (6) can be gotten from the Figure 50. The forces are added 

together and the equation is divided with the volume and it will result to equation (7) 
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 (      )

  
 

    

  
 

    

  
    , (7) 

where p is pressure, τij is denoting the viscous stresses and SMx is representing the source 

terms for example the gravity. Tensor marking i is indicating that that stress is acting on 

a surface normal to the i-direction and j is indicating the direction of the stress. This is 

the momentum equation in x-direction and it can be given similarly in y-direction  
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and z- direction 
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From the momentum equations the Navier-Stokes Equations can be derived. The vis-

cous normal stress term in x-direction is derived in equation (10). 

       
  

  
 + λ div u, (10) 

where μ is dynamic viscosity and λ is the second viscosity. In incompressible case the 

continuity equation (4) results to div u = 0 which results to equations: 

       
  

  
, (11) 
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The viscous shear stresses can be defined as: 
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Equations (11-16) can then be placed to the momentum equations (7-9) which results to 

the Navier-Stokes equations: 
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If the material derivative is divided to its components, rest of the terms rearranged and 

flow components are time averaged as shown in the Figure 51. 

 

Figure 51. Velocity of turbulent flow with. (Versteeg and Malasekera, pp. 41, 2007) 

Then equations (17-19) can be modified to Reynolds-averaged Navier-Stokes equa-

tions for incompressible fluids: 
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where capital letters mean time averaged value and  υ is the kinematic viscosity. The 

additional stress terms 

            ̅̅ ̅̅ ̅̅  (23) 

are called the Reynold’s stresses, where    ̅̅̅̅  and    ̅̅ ̅ are time averaged fluctuation com-

ponents which would independently be zero. 
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APPENDIX 2. DEFINING ACOUSTIC COMPONENT FROM COM-

PRESSIBLE CFD DATA 

If CFD data is compressible it contains also the acoustic component of the flow. The 

obtaining of the acoustic component is described in the VA One User Guide (2015) and 

is presented below. At first the CFD data is imported to a FE surface. VA One does not 

require flow data at all nodes but only a small subset defined by user is enough.  Similar 

to method to acquire convective component the software assumes that the fluctuating 

surface pressure statistic are homogenous across the selected area.  

The next step is to perform a wavenumber analysis to the data. The program uses 

Welch’s periodogram to obtain the PSD from which the energy distribution can be seen. 

An example of wavenumber spectra in flow and cross flow direction can be seen Figure 

52. As can be seen the convective wavenumber is clearly visible in x-direction which is 

natural because it is caused by the turbulence of the flow.  

 

Figure 52. An example of wavenumber spectra in flow and cross flow directions. 

(Blanchet 2014) 

A 2D wavenumber transform is showed in Figure 53 and as can be seen the convective 

component is visible still at lower frequency but at higher frequency only acoustic com-

ponent can be seen which is inside the white circle. The energy of the acoustic compo-

nent can be obtained from the wavenumber space by integrating over the conical do-

main that presents the acoustic component. An excitation (DAF or PWF) equivalent to 

the obtained energy can then be used in a simulation model (Blanchet et al. 2014).   
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Figure 53. An example of 2D wavenumber transform at two different frequencies. 

Also if compressible CFD is used as a source the pressure spectra that are associated 

with the convective and acoustic component are different as can be seen already from 

the wavenumber data. The convective component has greater affect in lower frequencies 

and it decreases at higher frequencies. An example of spectra is presented in Figure 54. 

The calculated pressure spectra can then be imported to the actual simulation model and 

used as excitations. 

 

Figure 54. Examples of pressure spectra which are associated with convective and 

acoustic component. 
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APPENDIX 3. THE CFD DRIVING FILE 

rcd DD_transient-SA_15ms_USteady_data_AL.cas 

/solve set time-step 0.000763171875 /solve dti 300 8 

/solve set time-step 0.00050878125 /solve dti 300 8 

/solve set time-step 0.0003391875 /solve dti 300 8 

/solve set time-step 0.000226125 /solve dti 300 8 

/solve set time-step 0.00015075 /solve dti 300 8 

/solve set time-step 0.0001005 /solve dti 300 8 

/solve set time-step 0.000067 /solve dti 2000 8 

/def models acoustics export-source-data-cgns yes 

/def models acoustics sources wall-car lokari-bot lokari-rulla lokari-top-shadow () 5 

DD_speed15_ 

/solve dti 2000 8 

wcd DD_transient-SA_15ms_USteady_data_6800.cas.gz 

exit 

 


