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Abstract 

Electrolux are currently developing a new kind of compact dishwasher, distinctly different from 
conventional dishwashers. A key concern that emerged through the development process was noise. 
The sound was characterized as loud and annoying. The goal of this thesis was to develop a mechanical 
design solution that would guarantee a noise level below 55 dBA. Initial tests reaffirmed the concern 
regarding noise. Noise was prevalent and the sound pressure level ranging from 58,8 to 59,8 was 
considered intolerable.  

Tests were performed in an acoustic lab to determine vibration source and noise factors. The pump was 
identified as the vibration source and the suspension was identified as the major noise factor. The 
rubber flange supporting the pump was fastened with screws. Loose screws failed to keep the pump in 
place whilst tight screws deformed the flange and pushed the pump against an adjacent plastic feature. 
There was a perceptible increase of 4,5 dBA when the two were in contact, and a palpable increase of 
9,4 dBA when they were hitting each other.  

Metal spacers were the most reliable and effective solution for lowering the noise. Placed between the 
flange and the screws, the spacers kept the rubber flange from deforming and prevented it from hitting 
the adjacent feature. Metal spacers reduced the noise level from 60,6 to 51,3 dBA, a difference 
perceived half as loud. The efficiency of the metal washer was demonstrated in field tests, during which 
no complaints were made on the noise level. 

Pumps and dishwashers were tested in a hydraulic lab to determine operating point and best efficiency 
point. Pump compatibility determines performance and reliability, as poor operating conditions cause 
additional vibration, noise and wear. Tests concluded that the hydraulic performance and overall 
efficiency was poor. The operating point ranged from 4 to 8%, far below the best efficiency point of 
15%. Pumps were put through a reliability test, none of which met the company requirement for 
longevity.  



 

 

Conclusions from the research were used to develop a new suspension concept. The design enabled 
vibrations to be absorbed and ensured infallible assembly. Rubber straps stretch between the pump and 
three surrounding support rods and provide supported during operation. The elastic suspension 
counteracts pump motion and dislocation. A prototype was manufactured to demonstrate the principle 
function and design.  
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Sammanfattning 
Electrolux håller på att utveckla en ny typ av diskbänksdiskmaskin som skiljer sig från konventionella 
diskmaskiner. Ett problem som framkom under utvecklingsarbetet var ljudnivån som ansågs ovanligt 
hög och störande. Målet med denna avhandling var att utveckla en mekanisk konstruktionslösning som 
kunde garanterade en ljudnivå under 55 dBA. Tidiga tester bekräftade problematiken kring ljudnivån. 
Oljudet var påtagligt och ljudtrycksnivån varierade mellan 58,8 och 59,8 dBa, vilket ansågs oacceptabelt. 

Tester gjordes i ett akustiskt laboratorium för att fastställa vibrationskällan och ljudsfaktorer. Pumpen 
identifierades som vibrationskälla och upphängningen identifierades som en viktig ljudsfaktor. 
Gummiflänsen som höll pumpen på plats fästes med skruvar. Lösa skruvar misslyckades med att hålla 
pumpen på plats medan åtsittande skruvar deformerade flänsen och tryckte pumpen mot en 
intilliggande plastdetalj. Ljudet ökade märkbart med 4,5 dBA när de två trycktes mot varandra. När de 
slogs mot varande blev det en påtaglig ökning med 9,4 dBA. 

Metalldistanser var den mest tillförlitliga och effektiva lösningen för att dämpa ljudet. De placerades 
mellan flänsen och skruvarna för att förhindra flänsen från att deformeras och träffa den intilliggande 
plastdetaljen. Ljudnivån minskade från 60,6 till 51,3 dBA. För en människa upplevs skillnaden som en 
halvering av ljudnivån. Metalldistansernas effektivitet påvisades i fältprover, där inga klagomål gjordes 
på ljudnivån. 

Pumpar och diskmaskiner testades i ett hydrauliklaboratorium för att bestämma driftspunkten och 
bästa verkningsgradspunkten. Pumpkompatibilitet avgör prestanda och tillförlitlighet, eftersom dåliga 
driftsförhållanden orsakar ytterligare vibrationer, ljud och slitage. Slutsatsen av testerna var att den 
hydrauliska prestanda och totala effektiviteten var låg. Driftspunkten varierade från 4 till 8 %, långt 
under den bästa verkningsgradspunkten kring 15 %. Pumpar sattes på prov i ett tillförlitlighetstest. Ingen 
av de pumpar som provades uppfyllde kravet på livslängd.  

 



 

 

En konceptuell pumpupphängning utvecklades baserad på slutsatserna från forskningen. Den var 
utformades för att absorbera vibrationer och garantera korrekt montering. Pumpen hålls på plats med 
hjälp av gummiband istället för en gummifläns. Den elastiska upphängningen motverkar pumpens 
rörelser och förhindrar att den förskjuts. En prototyp tillverkades för att demonstrera konceptets 
funktion och design. 
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NOMENCLATURE 

Symbol Description          Unit 

Acoustic notations 
  Period         [s] 

  Wavelength        [m] 

  Frequenzy        [Hz] 

  Sound pressure        [Pa] 

   Root mean square sound pressure level     [Pa] 

   Sound pressure level       [dB] 

     Reference sound pressure      [Pa] 

  Distance between pump bracket and adjacent plastic feature  [m] 

 

Hydraulic notations 
        Net energy provided by the pump      [J] 

   Static pressure        [Pa] 

   Flow velocities measured at the pump in- and outlet   [m/ ] 

   Elevation height measured at the pump in- and outlet   [m] 

  Gravitational acceleration       [m/  ] 

      Energy losses due to to valves, bends and friction    [J] 

      Pump head        [m] 

       Differential pressure head between the pump in- and outlet  [Pa] 

       Difference in velocity head between the pump in- and outlet  [m/ ] 

       Difference in elevation head between the pump in- and outlet  [m] 

        System head        [m] 

         Differential pressure between the reservoirs    [Pa] 

         Difference in velocity between the reservoirs    [m/ ] 

         Vertical distance between the reservoirs     [m] 

      Head losses in the system due to valves, bends and friction  [m]  

           Hydraulic power        [W] 

  Fluid density        [kg/  ] 

  Flow rate         [  /s] 

 



 

 

          Electric power        [W] 

U Voltage         [V] 

I Current         [A] 

       Total efficiency        [%] 

  Coefficient that includes all inherent system characteristic                             [     ] 
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1 INTRODUCTION 

1.1 Background 
The globalized economy is a darwinistic ecosystem of wealth and resources. The environment is ever 
changing - established markets transform whilst new emerge. Those who adapt survive, and those who 
do not perish. Some companies seek not only to survive in this fierce corporate climate, but thrive. 
These companies distinguish themselves as innovators within their industry.  

Electrolux is one of the biggest house hold appliance maker in the world (Lannin & Hellstrom, 2010). 
They advocate a customer-centric approach. Extensive customer and market research identify gaps in 
their range. Products and services are in a cycle of constant renewal to meet new customer 
requirements.  Dishwashers are a core business, and the dish care department has for many years been 
the market leader when it comes to innovation and sustainability within the industry (Electrolux, 2011). 
Electrolux has a tradition of pushing the boundaries on noise reduction and have made sound and 
vibration quality a key part of their development process. One prime example is Ultra silencer, the 
quietest vacuum cleaner on the market according to independent tests (Consumer reports , 2010).  

It was through their extensive customer research that Electrolux found customer demands that were 
not met by their current range. Development of a new dishwasher was initiated to fulfill those demands. 
This dishwasher is distinctly different from conventional dishwashers. Unique design and features 
present technical challenges that require novel engineering solutions. Prototypes were produced to test 
product performance and project feasibility. Early tests identified noise as a key concern. The sound was 
characterized as loud and annoying. 

1.2 Purpose 

Reducing noise was the main focus of the thesis. Three objectives were defined within their respective 
focus area to set the scope for the research. Each objective was divided into tasks. All tasks had to be 
completed in order to obtain set results.  

Acoustic research: Develop and implement a mechanical design solution to reduce noise 

- Identify key noise factors 
- Develop and evaluate mechanical design solutions  
- Ensure a noise level below 55 dBA 

Design research: Develop a suspension concept to further reduce noise 

- Analyze results and draw conclusions 
- Manufacture suspension prototype 

Hydraulic research: Evaluate pump performance 

- Measure pressure and flow 
- Calculate operating point and best efficiency point  
- Determine if pump efficiency is a noise factor.  
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1.3 Delimitations 

Duration of the thesis was set to 20 weeks in accordance to standard educational policies. The project 
was planned and executed according to company guidelines (Electrolux, 2008). Activities included 
planning, testing and prototyping. Prototype development was limited to supplementary solutions 
compatible with the current prototype. No major alteration was to be made to the design. Plausible 
solutions were required to be tested and the results verified in order to determine the most viable 
solution. Sound quality had to be improved and results validated before prototypes could be released 
for field test. Mechanical design solutions should aim to limit possible component, system and assembly 
complications. The hydraulic research was considered a pre-study and expected to deliver an estimate 
on operating point and best efficiency point for the compact dishwasher prototype.  

1.4 Method 

1.4.1 Innovation Activation 

Electrolux has transitioned from a manufacturing company into a consumer-driven company. As the 
former CEO Hans Stråberg said: “We have returned to a consumer focus – meaning that rather than 
selling what we produce, we produce what sells” (Electrolux, 2010). The new organization is built 
around three core values; Drive for results, Customer obsession and Passion for innovation. They have 
positioned themselves as a driver of change and embraced a more holistic approach to innovation.  

Innovation activation is a framework set in place to support and encourage ideas that resonate with 
current and future consumers and markets (Electrolux , 2012). The purpose of Innovation activation is to 
manage the influx of ideas in a more structured and efficient way. A flat company structure interlinking 
departments and employees helps improve and control the flow of ideas. Another key function is to 
facilitate the transfer of information and knowledge when transitioning between stages of 
development. Innovation activation covers the whole process from initial market research and 
consumer behavior to commercial launch, see Figure 1. 

 

Figure 1. Strategy, planning and execution of Innovation activation (Electrolux , 2012).  
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1.4.2 Advanced development 

Advanced development aims to reduce technical and scientific uncertainty and assess the feasibility of 
component, system and product improvements. Projects operate either ahead of or alongside product 
development projects that are heavily dependent on timeframes and checkpoints. Advanced 
development projects are proposed by one of two instances, either through Opportunity Assessment or 
Insights to innovation. Advanced development is a four step process: Pre-study, Creation of ideas, 
Solution and verification, Hardware and solutions. Each step ends with a checkpoint where progress is 
evaluated, see Figure 2.  

 

Figure 2. Stages and checkpoints in an advanced development project (Electrolux , 2012). 

Projects begin with a project introduction where management and technology teams formulate and 
evaluate the idea of the project according to customer needs, strategic fit and need of resources. The 
decision to launch the project is taken in the API checkpoint. A steering team is appointed after project 
launch and resources are assigned.  

Solutions are discusses in phase 2 and the most promising are selected for further development. The 
selection process and criteria is documented. Creating a project plan and organizing a basic structure 
enables a continuous and systematic work process.  

Tests measure the effect and efficiency of each solution in phase 3. Development of selected ideas 
ensues until core issues are resolved and uncertainties eliminated or reduced to an acceptable level. 
Ideas are evaluated at the end of the phase to ensure technological and commercial relevance. 
Estimations are made to ensure that costs and risks are acceptable. Results and feasibility are verified to 
support the decision whether to move the project to ACP1 and store the results in the idea bank or to 
move it to AP1 and develop a hardware solution. The project moves to the product development phase 
after completion, and the results are saved in the primary development bank for safekeeping. 
Standardized parts and modularized systems enable innovations to integrate with current and future 
products at the product development phase. 
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2 BASIC ACOUSTICS 

2.1 Nature of sound and noise 

Hearing is a big part of how we humans perceive the world. Locating, navigating and experiencing our 
surroundings would be difficult without auditory input. Sound is everywhere, and each one affects us 
differently. There are sounds that soothe and others that make us cringe. What is sound and what 
makes some sounds pleasant and others unpleasant?  

Sound is everything we can hear, meaning pressure waves within range of human hearing. Noise is a 
term for unwanted sound. The definition is broad and can include sound from highways, construction 
sites and dish washers. It is not an objective quality and cannot be measured with a single unit. It is a 
subjective quality dependent on the receiver. However, noise can be quantified using sound quality, a 
term comprised of a collection of acoustic properties. Sound quality can be defined in a number of ways, 
including perceived loudness, sharpness, fluctuation strength, and roughness.  

Sound quality, is a relatively new field in acoustics and has often been overlooked in the product 
development process. Modus operandi is that more traditional aspects such as design, manufacturing 
and cost have been prioritized, inhibiting a holistic approach to noise reduction and preventing 
implementation of comprehensive noise solutions.  Customers have preconceived ideas of how products 
and functions should sound, and it is important that the product sound match those expectations. If the 
expectations are not met, then customers can see it as a sign of defect components or poor 
performance.  

Poor sound quality can not only affect the reputation and sales of a product, but also the physical and 
mental wellbeing of the customers. Noise can be harmful. Being exposed to noise during extended 
periods of time can result in permanent damage. In 1999 WHO presented guidelines for noise. The 
report stated the risks associated with noise, including hearing impairment, Cardiovascular and psycho-
physiological effects (Berglund, et al., 1999). Fortunately, sound quality has become increasingly 
important as companies have discovered the value of understanding good sound and bad noise.  
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2.2 Physics of sound 

2.2.1 Sound wave 

Sound is pressure waves that travel through an elastic medium. Applying a force to a medium will 
compress that which is in front of it and decompress that which is behind it. This generates fluctuations 
in pressure level that propagate in a sinusoidal motion through and between media. The most important 
properties of a sound wave are amplitude, wavelength, period and frequency. The amplitude is the 
height of a wave peak, see Figure 3. Wavelength is defined as the distance between two peaks. The unit 
for wavelength is meters (m) and is often represented by the Greek letter lambda λ. 

 

Figure 3. Amplitude and wavelength of a sound wave. 

A period is defined as the time it takes to complete one sinusoidal cycle of a periodically repeated wave 
pattern, see Figure 4. The unit for period is seconds [s]. The definition of frequency is the number of 
cycles per second. The unit for frequency is Hertz (Hz). 

 

Figure 4. Amplitude and period of a sound wave.  

2.2.2 Sound pressure level 

Pressure fluctuations generally range from 0.00002 to 20 Pa. As explained by Urbanette in his guide to 
acoustics, atmospheric pressure equals 100 kPa, thus rendering humans unable to distinguish 
instantaneous changes in pressure (Urbanette, 2007). However, humans can register pressure 
fluctuations over time, their hearing functioning as an integrator. Root Mean Square (RMS) pressure is a 
measurement adapted for those conditions specific for human hearing.  
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Measuring the third-octave spectrum over time creates a sound pressure spectrum, which is then 
integrated to create the RMS pressure. The equation, as stated by Bodén in his book on sound and 
vibrations, reads  

     
 

 
   

 

 

      
 
  (1)  

where      is the period,       is the sound pressure and         is the RMS sound pressure (Bodén, et 
al., 2001).  In product development, the sound pressure level is measured in acoustic labs. Multiple 
microphones are used when measuring the sound pressure level. The sound pressure spectrum is 
calculated by measuring the third octave spectrum of each microphone over a period of time. The 
pressure spectra of all microphones are then averaged to calculate the time average. The sound 
pressure level is calculated according to  

           

   

    
 

 (2)  

where    is the sound pressure level [dB],    is the RMS sound pressure [Pa] and             [Pa] is 

the reference sound pressure. The unit for sound pressure level is decibel [dB]. It is a logarithmic scale 
that can be difficult to comprehend. Talbot-Smith explained in his book Sound engineering explained 
that a 3 dB decrease is barely noticeable, whilst a 10 dB decrease is perceived as half as loud (Talbot-
Smith, 2002).  

2.2.3 Human hearing and weighting filters 

Human hearing is complex, and not equally sensitive to all frequencies. In his guide to acoustics, 
Urbanette explained that the normal ear is most sensitive at frequencies between 3000 and 6000 Hz, 
and less sensitive to frequencies over or below (Urbanette, 2007). Human hearing changes with age, and 
renders elderly people unable to register high frequency sounds. A further complication is that loudness 
is a non-linear function of the frequency. A-, B- and C-filters can be applied to mimic the properties of 
the human ear. These weighting functions take into account the non-linear frequency sensitivity and tell 
us how the sound is perceived. Bodén stated in his book that the A-weight filter is the most common 
weighting function and is used for low sound pressure levels (Bodén, et al., 2001). The unit for A-
weighted sound pressure level is dBA. B-weight filter is used for medium high sound pressure levels and 
C-weight filter is used for high sound pressure levels.  
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3 BASIC HYDRAULICS 

3.1 The Energy Equation 

Derived from the first law of thermodynamics, this equation states that the total energy of an isolated 
system is always conserved over time. Energy can be neither created or destroyed. However, energy can 
be converted into another form, e.g. from electricity to mechanical energy. The energy equation, as 
stated by Ekroth and Granryd (Ekroth & Granryd, 2008), reads  

   

 
 

  
 

 
            

   

 
 

   
 

 
            

(3)  

Equation (3) can be rewritten to calculate the energy generated by the shaft, according to 

        
   

 
 

  

 
 

   
 

 
 

  
 

 
                

  

 
 

   

 
           

(4)  

Where        [J]is the net energy provided by the pump,    [Pa] is the static pressure measured at the 

pump in- and outlet,    [m/ ] are the flow velocities measured at the pump in- and outlet,    [m] are 
the elevation height measured at the pump in- and outlet,   [m/  ] is the gravitational acceleration and 
      [J] are all the energy losses due to friction.  

3.2 Head 

In the field of hydraulics, head is the standardized unit for pump capacity. The primary purpose of the 
pump has always been to transport a medium from one point to another of greater altitude. As 
described by Hölcke, the distance between those points was a natural indicator of the capacity of the 
pump (Hölcke, 2002). The total increase in energy can be translated into potential energy when divided 
with the gravitational acceleration  . Potential energy can in turn be represented with a height, i.e. 
head. Head is a value of the energy needed to overcome an altitudinal difference, and can be used to 
described the energy needed for a system, and the energy provided by a pump.  

3.2.1 Pump head 

Pump head can be divided into pressure, velocity, elevation and friction head. The equation for pump 
head reads 

       
      

  
 

      
 

  
        (5)  

Where        [Pa] is the differential pressure head between the pump in- and outlet,        [m/ ] is 

the difference in velocity head between the pump in- and outlet and         [m] is the difference in 

elevation head between the pump in- and outlet. 
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3.2.2 System head 

The system head equation reads  

         
      

  
 

   
    

 

  
          

        

  
 

        
 

  
           (6)  

Where          [Pa] is the differential pressure between the reservoirs,          [m/ ] is the 

difference in velocity between the reservoirs,          [m] is the vertical distance between the 

reservoirs, measured from each surface and       [m] are all the losses in the system due to valves, 
bends and friction.  

3.3 Power and efficiency 

Hydraulic power is calculated according to  

                 (7)  

where   [m/  ] is the gravitational acceleration,   [kg/  ] the density,   [  /s] is the flow rate and   
[m]is the pump head.  

The total power supplied to the pump is the electric power,  

                 (8)  

where   [V] is the voltage and   [A] is the current. The equation for the total efficiency is  

        
          

         
 

    

  
 (9)  
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3.4 H-Q diagram 

The pump diagram, or H-Q diagram, is a tool for evaluating the operating conditions of the pump. It is 
important when selecting a pump to match the system requirement with the pump capacity. Pumps are 
designed to operate during specific conditions and must do so to operate efficiently. Professor Tullis 
stated that the closer the pump specifications are to the system operating conditions the better (Tullis, 
1989). Compatibility between pump and system is measured in efficiency. H-Q diagrams illustrate the 
operating points of available pumps, and the pump closest to the best efficiency point is selected. The 
characteristics and performance of a pump are illustrated by a pump curve: a diagram that shows head 
      as a function of flow rate  , see Figure 5.  

 

Figure 5. Pump curve illustrating pump head       as function of flow Q. 

The system curve illustrates system head         as a function of flow, see Figure 6.  

 

Figure 6. System curve illustrating system head         as function of flow Q. 

The efficiency curve illustrates the total efficiency as a function of flow. The efficiency axis is usually 
presented as a secondary vertical axis in pump diagrams, parallel to the vertical head axis, see Figure 7.  

 

Figure 7. Efficiency curve illustrating efficiency as function of flow Q. 
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3.4.1 Operating point 

The intersection between the system and pump curve is the Operating point (OP). It indicates the actual 
operating conditions, see Figure 8.  

 

Figure 8. Location of operating point in H-Q diagram. 

3.4.2 Best efficiency point 

The optimal operating condition is during maximum efficiency. This is called Best efficiency point (BEP), 
see Figure 9.  

 

Figure 9. Location of best efficiency point in H-Q diagram. 

Pumps should operate as close to the best efficiency point as possible. Operating at the best possible 
efficiency is desirable in a number of ways. Impellers are designed for a specific head and discharge, 
thus avoiding cavitation and turbulent flow. These undesirable phenomena cause wear which affects 
reliability and longevity. As Karassik explained in his book, the best efficiency point is also favorable in 
term of noise and vibration (Karassik, et al., 2001).   
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3.5 Affinity laws 

The affinity laws describe how system head and flow depend on the rotation speed of a specific 

machine. According to the Pump Handbook, the laws can be combined and rewritten to create an 

equation for calculating system head as a function of flow rate (Karassik, et al., 2001). The laws state 

that flow rate corresponds directly to rotation speed, and that system head corresponds directly to 

rotation speed squared.  

 
  

  
 

  

  
 (10)  

 
  

   
 

  
 

   
 

 (11)  

These equations can be combined to describe the relation between system head and flow at a given 

rotational speed,  

 
  

   
 

  
 

   
  (12)  

The equation can be rewritten as  

    
  

   
     

  (13)  

Where the factor  
  

   
  can be described as a coefficient   according to 

   
  

   
  (14)  

The coefficient   includes all inherent system characteristic, including losses, and can be calculated if 
head and flow are measured when the machine is running. Equation (13) can be rewritten with the 
coefficient   to define head as a function of flow. The equation only needs data on flow rate to generate 
a system curve, according to 

              (15)  
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4 ACOUSTIC METHODOLOGY 

4.1 Research purpose 

Acoustic research: Develop and implement a mechanical design solution to reduce noise. 

- Identify key noise factors 
- Develop and evaluate mechanical design solutions  
- Ensure a noise level below 55 dBA 

4.2 Research strategy 

All machines were tested in an acoustic laboratory to establish the default noise level. Incremental 
modifications were implemented, tested and compared to determine potential noise factors. The tests 
generated enough data to draw conclusions from the research and to develop mechanical design 
solutions to reduce the noise.  

Probable causes were divided into major and minor noise factors in order to optimize the time spent in 
the acoustic lab. Major noise factors had an audible effect on the noise, exceeding 3 dBA. Minor noise 
factors had an inaudible effect on the noise. The difference did not exceed 3 dBA and could not be 
perceived by humans. This strategy was developed because access to the acoustic lab was limited as all 
appliances were tested in the same lab. Scheduled tests were often postponed for weeks and could be 
interrupted at any time as urgent projects were prioritized. 

4.3 Potential noise factors 

Initial tests were done to identify possible noise factors. Machines were inspected up-close before, 
during and after the tests. Acoustics engineers were consulted to gather further information. 
Participants listened to the sound, felt the exterior and inspected the interior to determine the vibration 
source. Possible noise factors were determined once the vibration source was identified, see Figure 10.  

 

Figure 10. Inspection of potential noise factors.  
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4.3.1 Pump bracket 

Brackets holding the rubber damping were close to an adjacent plastic surface, see Figure 11. 

 

Figure 11. Pump bracket close to adjacent plastic surface. 

The bracket could be hitting the plastic when the machine is running and the pump is vibrating, thus 
generating noise. The bracket holding the rubber flange was cut to eliminate the risk of it hitting the 
adjacent plastic surface. The effect was measured in the acoustic lab.  

4.3.2 Pump suspension  

It was discovered in the initial tests that the suspension deformed when screws were tightened, see 
Figure 12. 

 

Figure 12. Deformation of the rubber flange due to tightened screws. 

Deforming the suspension could cause stress and increase stiffness. The pump might displace and push 
against the surrounding safety panel, thus spreading vibrations and noise. Screws holding the flange 
were tightening to various degrees and the effects were measured in the acoustics lab. Tests were also 
done to determine how tightening the screws affected the shape of the suspension and the distance 
between the bracket and the adjacent plastic surface.  
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4.3.3 Pressure sensor 

The pressure sensor attached to the suction hose was in direct contact with the pump, and could be 

hitting it when the pump is vibrating, see Figure 13.  

 

Figure 13. A pressure sensor touching the pump was a potential noise factor. 

Vibrations from the pump could spread to the pressure sensor and add to the noise. The wing of the 

sensor was removed and the effect was measured in the acoustics lab.  

4.3.4 Suction hose  

The hose was made out of ethylene propylene diene monomer (EPDM). It had a thickness of 4 mm and a 

shore hardness of 50A, making it stiffer than other connected hoses. Vibrations could spread from the 

pump to the tubing, making it a potential noise factor. Acoustic tests were done with silicone hoses that 

had the same hardness but were thinner. The wall thickness varied from 3,5 mm to 2 mm. The EPDM 

hose was exchanged for silicone hoses and the effects were measured in the acoustics lab, see Figure 

14. 

 

Figure 14. A stiff suction hose was a potential noise factor 
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4.3.5 Counter top resonance 

Plastic knobs separated the machine from the counter top. The feet had circular slots to fit rubber rings 
that were supposed to prevent structure-borne sound and vibrations from spreading to the countertop. 
Low frequencies could create resonance between the machine and the counter top, which could be a 
noise factor. Tests were done with dishwashers standing on an absorbent material to measure the 
impact.  

4.3.6 Pump efficiency 

The hydraulic properties of the pump might not be compatible with the hydraulic specifications for the 
system. Poor efficiency cause fluid turbulence and cavitation and would explain the noise and vibrations 
generated by the pump. Different pumps were installed in the same machine and the sound was 
measured in the acoustic lab. Pump efficiency was measured and calculated in the hydraulic lab.  

4.3.7 Pump reliability 

The performance of the pump decreased during the course of the study. The pressure level dropped 
gradually until the dishwasher no longer could clean the dishes, at which point the pump had to be 
replaced. The pump could be damaged and might not function properly, due to poor operating 
conditions. A reliability test was set up where ten pumps were required to run for 3000 hours.  

4.4 Potential mechanical design solutions 

Four different spacers were developed to address the issues identified in the research. Prototypes were 
manufactured and tested to evaluate their noise reduction capacity, see Figure 15.  

 

Figure 15. One metal spacer and three types of plastic spacers.  

4.4.1 Plastic screw spacers 

Plastic spacers were manufactured to prevent the suspension from deforming. Three models with 
varying height were manufactured in a 3d printer. Two spacers were designed as a cylinder with an 
attached washer at the end. The cylinder was slightly taller than the flange to allow some axial play to 
prevent the flange from compressing and deforming. The washer served dual purposes. It kept the 
flange in place and increased the distance δ between the pump bracket and the adjacent plastic surface.  
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The thickness of the washer increased the distance between the pump and the adjacent plastic surface 
and prevented the two from hitting each other. Two types of plastic spacers increased the distance 
between the pump and the adjacent plastic surface by 2 and 4 mm. The spacers were mounted on top 
of the support rods and the rubber flange was placed over the spacers and fastened with screws, see 
Figure 16.  

 

Figure 16. Rubber flange mounted on top of plastic spacers.  

4.4.2 Metal screw spacers 

Metal spacers were manufactured to prevent the suspension from deforming, without affecting the 
distance between the pump and the adjacent plastic feature. The spacers were made out of sheet metal 
to fit between the flange and the screws without having to enlarge the holes in the suspension, see 
Figure 17.  

 

Figure 17. Pump being mounted with metal spacers.  

Pumps were mounted with metal spacers and tested in the acoustics lab. 
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4.5 Research procedure 

Repeatability is an essential part of any study, especially in science and academia. This enables others to 
conduct identical tests and validate result. All acoustic tests were done in the acoustics laboratory at 
Electrolux headquarters in Stockholm, see Figure 18. 

 

Figure 18. Acoustic lab at Electrolux 

Microphones, Brüel & Kjear 4166, and microphone amplifiers, Brüel & Kjear 4166, were mounted on 
microphone booms, Brüel & Kjear 3923, and placed according to predefined standards around the 
source to measure and record the sound. Positioning of equipment was verified before the test, see 
Figure 19.  

 

Figure 19. Positioning of microphones before test. 
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Machines were positioned according to company standards, placed on a set distance from the wall and 
put on a standardized wooden box, a substitute for a kitchen counter top. They were tested one at a 
time running the energy efficient Eco program, each recording lasting 5 minutes. The test duration was 
taken into considered. A margin of 300 seconds enabled the machine to drain, as well as stabilize 
pressure and flow and avoid transient acoustic phenomena. Another advantage of limiting the duration 
of the test was the possibility of continuous supervision, enabling the supervisor to detect and correct 
errors in the initial phase of the cycle, thus preventing time-consuming faulty tests. The water tank was 
filled with water of equal volume and temperature. The dish basket was fully loaded with the same set 
and arrangement of dishes. A capacity meter was connected to the machine to measure power usage. 
The door to the anechoic chamber was shut and secured during tests. The sound was analyzed using a 
Brüel & Kjear 2131 digital frequency analyzer.  

Tests were conducted according to ISO 3740, which specifies the appropriate methods for determining 
the sound power level of a product (ISO, 2000). The sample consisted of six prototypes. The tests were 
conducted in a semi-anechoic chamber, a room where the walls and ceiling are covered in triangular 
wedges of foam that absorb sound and electromagnetic reflections, thus creating a free field 
environment without reflective surfaces and obstacles. The tests were conducted in accordance with 
ISO 3745, which states precision methods for determining sound power levels of noise sources in 
anechoic and semi-anechoic rooms (ISO, 2003). The dish care research and development department at 
Electrolux perform acoustic test according to IEC 704-2-3, that state the industrial standard for 
measuring dishwasher noise (IEC, 2001).  
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5 HYDRAULIC METHODOLOGY 

5.1 Research purpose 

Evaluate pump performance 

- Measure pressure and flow 
- Calculate operating point and best efficiency point  
- Determine if pump efficiency is a noise factor.  

5.2 Research strategy 

Pump head, system head and total efficiency had to be calculated in order to determine the operating 
point and the best efficiency point. Data on pump pressure and flow rate was gathered through 
empirical research. Electrolux had a test rig developed for measuring pump performance. It simulated a 
closed hydraulic system that supervisors could observe and use to measure pump pressure and flow 
rate, see Figure 20.  

 

Figure 20. Pump test rig at Electrolux. 

The hydraulic data was converted to pump head, system head and total efficiency and plotted to create 
a H-Q diagram, a tool used to deduced the operating point and best efficiency point. A comparison was 
made and the pump-system configuration was evaluated. A suboptimal pump-system configuration 
could cause turbulence and cavitation, at which point pumps would wear out as reliability declined and 
noise increased.  

5.2.1 Pump curve 

The parameters needed to plot a pump curve were pump head and flow rate. As described in equation 
(5), pump head could be calculated according to  
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Hölcke stated that differences in elevation and velocity between the pump in- and outlet are usually 
small enough to be disregarded (Hölcke, 2002). In this particular case, the pump head equation could be 
reduced due to the design of the test rig.  

In the test rig, the diameter and elevation of the suction and discharge pipe were identical, and 

therefore the difference in pressure and elevation was zero, meaning that the terms 
      

  
 and    

were negligible. Disregarding the dynamic head, the equation could be reduced to 

       
      

  
 (16)  

With the reduced pump head equation, the only parameters needed to plot the pump curve were 
differential pressure and flow rate. Data on differential pressure and flow rate was measured and 
collected in the test rig, see Figure 21. 

 

Figure 21. Collection of hydraulic data. 

Pressure measurements were converted from mBar to the SI standard unit Pascal [Pa] according to  

                               (17)  

Flow measurements were converted into the SI unit [    ] according to  

 
     

    
                      (18)  

 

 

 

http://tyda.se/search/negligible?lang%5B0%5D=en&lang%5B1%5D=sv
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5.2.2 System curve 

The parameters needed to plot a system curve were system head and flow rate. Head had to be 
sampled at different flow rates in order to plot the system curve in an H-Q diagram. However, the BLDC 
pump could only run at one speed and there were no valves to adjust the flow rate. A review of the 
literature led to the realization that the equation for system head could be rewritten as a function of 
flow rate, according to the affinity laws. It stated in equation (15) that head relates to flow rate 
according to 

              

As described in equation (14), k could be calculated according to  

   
  

   
   

In this particular case,    and    were the system head     and flow rate     measured at the 

operating point (OP). As described in equation (6), system head     could be calculated according to  

     
    

  
 

    
 

  
                

The system head equation could be reduced due to strategic placing of the pressure probes. Probes 
were attached to sections of the suction and discharge pipe where the diameters, and therefore the 
velocity, were the same. The elevation difference between the probes was 15 mm, thus regarded as 
negligible. The losses in the system were considered minor in comparison with the total head. The terms 
    

 

  
,     and          were disregarded. Equation (6) could be reduced to 

     
    

  
 (19)  
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The flow rate     could not be measured as flow sensors could not be installed due to the limited 
space. Instead, data from the pump tests was used to deduce the correlating flow rate, see Table 1.  

Table 1. Pressure and flow data from the pump performance test.  

 

 

The data was used to find the flow rate     corresponding to the system head    . The unit for flow 
rate was changed into the SI unit [    ] according to equation (18). The coefficient   could be 
calculated with     and     according to   

   
   

    
  

    
      

 
   

    

  (20)  

The system head could be calculated according to  

         
   

    
     

    
      

 
   

    

    (21)  

The flow rate   could not be measured as mentioned, and was instead generated as a column of 
numbers in Excel. The column was periodic and included one hundred numeric values that ranged from 
0 to 14, the highest flow rate measured in the pump test bench. The system head was calculated in Excel 
for every value in the flow rate column. 
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5.2.3 Total efficiency curve 

The parameters needed to plot a total efficiency curve were hydraulic and electric power. As stated in 
equation (7), hydraulic power could be calculated according to  

                   

The hydraulic power could be calculated using pump head and flow rate data from the pump tests. As 
stated in equation (8), electric power could be calculated according to 

                  

Voltage and current was controlled with a power box and measured with a multimeter. As stated in 
equation (9), total efficiency could be calculated according to  

        
          

         
 

    

  
 

 
 
 

5.3 Research procedure 

5.3.1 Pump curve 

Pre-tests were done to identify issues that could interfere with test procedures and results. The test 
bench at Electrolux was designed for testing pumps for regular sized dishwashers. Pumps in compact 
dishwashers are smaller, so custom fittings were manufactured to connect the pump to the test bench. 
Fittings were tightened and sealed to prevent leakage that could affect the pressure level, see Figure 22.  

 

Figure 22. Fittings were prototyped to connect the pump to the test bench. 

Initial tests showed that the pressure difference between the valve being open and half closed was only 
3 mBar at most. This led to the decision to decrease the number of sampling points in that range by half. 
The pressure probes in the test bench were attached to the suction and discharge pipe. Flow was 
measured with a flow sensor at the discharge hose. The flow was controlled by adjusting discharge 
valves. This method is called throttling and is a common method for controlling the flow rate in practical 
experiments. The test rig had two valves used for throttling, one manual and one motorized. The 
manual valve was open during the tests. The motorized valve was gradually closed to increase pressure 
and decrease flow rate. A power box converted the incoming electricity to 24 V and 1,2 A. 
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5.3.2 System curve 

Pressure probes were attached to the suction and discharge hose and connected to a pressure gauge, 
see Figure 23. 

 

Figure 23. Measuring differential pressure using pressure probes. 

In their book Tillämpad termodynamik, Ekroth and Granryd emphasized the importance of the pressure 
probe being inserted orthogonally to the direction of the flow (Ekroth & Granryd, 2008). They also 
emphasized that the hole should be free of burrs that can create disturbance in the flow. The probes 
were attached accordingly and the holes were made with stamping to prevent burrs.  

5.3.3 Total efficiency curve 

Total efficiency was calculated using hydraulic and electric power. The hydraulic power was calculated 
using pump head and flow rate data from the pump tests. The electric power was calculated using 
voltage and current. A Fluke 83 multimeter was connected to the pump and measured voltage and 
current during the pump tests. 
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6 ACOUSTIC RESULTS 

6.1 Reference test 

All of the machines generated a load noise. The sound pressure level varied between 58,8 and 59,8 dBA, 
well above the target value of 55 dBA, see Figure 24. 

 

Figure 24. Noiselevels of three default machines. 

6.2 Pump exchange test 

Changing pumps had a significant impact on the sound pressure level, reducing the noise level in all 
cases, but to varying degrees. The change varied from 4,5 to 9,4 dBA, see Figure 25. 

 

Figure 25. Noise levels of different pumps 
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6.3 Pump bracket test 

Cutting the pump bracket had a significant impact on the noise level. The noise was reduced from 59,4 
to 50,4 dBA, see Figure 26. 

 

Figure 26. Cutting the pump bracket reduced the noise. 

6.4 Pump suspension and mounting 

Mounting had a big impact on the distance δ between the pump bracket and the adjacent surface. The 
screws could be tightening 2,5 revolutions without deforming the rubber flange, at which the distance 
   between the elements was 3 mm, see Figure 27.  

 

Figure 27. Suspension after tightening screws 2,5 revolutions.  
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Tightening the screws 3,0 revolutions caused a minor deformation and decreased the distance    to 1 
mm. Tightening the screws 3,5 revolutions caused major deformation and further decreased the 
distance    to less than 1mm, see figure 28. 

 

Figure 28. Suspension after tightening screws 3,5 revolutions.  

Tests were done in the acoustics lab to determine the effect on noise when tightening the screws. The 
test data verified that mounting had a big impact on the sound pressure level. Tightening screws from 
2,5 revolutions to 3,5 revolutions led to a 7, 5 dBA increase, see Figure 29.  

 

Figure 29. Tightening the screws increased the noise level.  
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6.5 Metal screw spacers 

The metal spacer was the most efficient solution and reduced the noise by 9,3 dBA, see Figure 30.  

 

Figure 30. Sound pressure level with and without metal spacers.  

6.6 Metal spacers, short and full cycle  

The sound pressure level stated on appliance packaging is the averaged sound pressure level value 
recorded over a full cycle. To get a legitimate value on the sound pressure level, a dishwasher with 
metal spacers was recorded running a full cycle. The noise was reduced by 7,9 dBA, from 60,6 to 52,7 
dBA. It was compared to the measurement of the short 5 min of the cycle, see Figure 31.  

 

Figure 31. Comparison of the noise level between a 5 minute cycle and a full cycle.  
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6.7 Reliability test 

A reliability test was set up where ten pumps were required to run for 3000 hours. Achieving the set 
objective would prove the pump reliable. None of the pumps passed the test. The pumps wore out after 
2100 hours, see Table 2. 

Table 2. None of the pumps passed the reliability test. 

 

6.8 Noise field test  

Three machines were subjected to field testing and sent to three different households. The metal 
spacers were the most efficient solution and were implemented in all machines before the test. The dish 
washers were installed and used in the kitchen of each respective family. No complaints were made on 
the noise level or the nature of the sound.  
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7 HYDRAULIC RESULTS 

7.1 Pump curves 

The parameters needed to plot a pump curve were pump head and flow rate. As described in equation 
(16) and (17), pump head could be calculated according to  

       
          

  
     (22)  

where pump pressure was divided with the density of water,             , and standard gravity, 
      . All Pump data was recorded in Excel, see Appendix A. The data was used to generate graphs 
that enabled pump comparison and performance analysis, see Figure 32. 

 

Figure 32. Hydraulic performance between pumps. 

7.2 System curve 
The system head has to be sampled at different flow rates in order to plot the system curve in the H-Q-
diagram. However, the BLDC pump could only run on one speed and there were no valves, making it 
impossible to adjust the flow rate. Instead, system head and flow rate was calculated with Excel.  

Pressure probes were used to measure differential pressure and calculate system head. The differential 
pressure      was calculated by subtracting the pressure at the suction hose    from the pressure at 
the discharge hose     according to  

                                        (23)  

The differential pressure was then converted into head as described in equation (22), according to 

     
    

  
 

       

         
           

0 

100 

200 

300 

400 

500 

600 

700 

800 

0 2 4 6 8 10 12 14 16 

P
re

ss
u

re
 [m

B
ar

] 

Flow rate [l/min] 

Pump 7 

Pump 6 

Pump 5 

Pump 4 

Pump 3 



38 

 

As mentioned, the flow rate of the dishwasher could not be measured. Instead, the flow rate was 
estimated using data from the pump tests. The goal was to find a pump pressure level that was close to 
the pressure level measured in the dishwasher and determine the correlating flow rates. A deduction of 
the data was that a differential pressure of 167 mBar correlated to a flow rate     of 11,0 l/min, see 
Table 1. The unit for flow rate was changed from l/min to the SI unit      as described in equation (18), 
according to 

      
  

       
                  

With     and     known, the coefficient   could be calculated as described in equation (20), according 

to 

   
   

    
  

    

         
  

Ultimately, the system head could be calculated as described in equation (21), according to 

         
   

    
     

    

         
    

Al system data was recorded in Excel, see Appendix B. 

7.3 Efficiency curve 

As described in equation (9), total efficiency could be calculated according to  

        
          

         
 

    

  
 (24)  

where   = 9,82 [m/  ],   = 1000 [kg/  ],   [  /s] was the flow rate,   [m] was the pump head,   [V] 
was the voltage and   [A] was the current. All efficiency and power data and was recorded in Excel, see 
Appendix C.  
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7.4 H-Q diagram 
The pump curve, system curve and efficiency curve were combined to create an H-Q diagram to 
determine operating point and best efficiency point for all pumps see Figure 33. 

 

Figure 33. H-Q diagram illustrating operating point and best efficiency point.  
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8 Acoustic analysis 

8.1 Vibration source 

The pump was determined as the vibration source. The first assumption was based on aural analysis and 
noise characteristics. The noise had a high frequency and tonal quality. As stated by Bodén, these 
characteristics are common for machines operating at a fixed speed, thus indicating the pump as the 
prime noise and vibration source (Bodén, et al., 2001). 

Three prototypes were subjects in the first test. The sound pressure level between the dishwashers 
ranged from 58,8 to 59,8 dBA. This was unexpected considering that the same machines had measured 
lower sound pressure levels when last tested at Electrolux. In the tests performed by Hedberg in 2011, 
the noise level of these machines ranged from 52-56 dBA. It was established in the second test that the 
changing pumps had a big impact on the noise. The same dishwasher was tested with different pumps. 
The noise level varied greatly between pumps, from 50,0 to 59,4 dBA. This affirmed the assumption that 
the pump was the vibration source, and that the most significant noise factors were pump related. 

8.2 Major noise factors 

8.2.1 Suspension 

Investigating the suspension revealed that the distance δ between the bracket and adjacent plastic 
surface was greatly reduced when the screws holding the rubber flange were tightened, thus increasing 
the risk of the two hitting each other. Tests showed that there was a clear correlation between how 
much the screws were tightened and the noise level. Tightening the screws from 2,5 to 3,5 revolution 
resulted in a 7,5 dBA increase. It became clear that the pump suspension was unreliable. Through the 
test procedure, the pump bracket hitting the adjacent plastic surface was identified as the single most 
important noise factor with the biggest impact on the sound pressure level.  

Several ideas were discussed to combat the issue of mounting reliability. The criteria were to develop a 
solution that would enable the screws to be tightened without deforming the flange. The objective was 
to come up with a solution that would solve the noise problem to the extent that prototypes could be 
subjected to field testing without fear of users complaining about the noise. The solution should be 
considered temporary, and should be easy to manufacture and implement. Different solutions were 
developed and tested. The most efficient solution is presented in chapter 8.4. 

A complete overhaul of the pump suspension could address several of the issues identified. An 
appropriate solution should guarantee mounting reliability, allowing only one possible way to mount the 
pump. The suspension should be stiff enough to keep the pump in place, and elastic enough to absorbs 
vibrations and prevent dislocation. A conceptual solution is presented in chapter 10. 
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8.3 Minor noise factors 

8.3.1 Pressure sensor 

The pressure sensor was in direct contact with the pump, and could be hitting the pump during 
operation, making it a potential noise factor. The wing of the sensor was cut and tested in the acoustics 
lab. The test team concluded that removing the pressure sensor had no audible effect on the noise level. 

8.3.1 Suction hose  

The discharge hose was relatively stiff and could enable vibrations to spread from the pump and 
through the piping, making it a potential noise factor. Acoustic tests were done with silicone hoses that 
were more elastic due to reduced thickness. The wall thickness varied from 4 mm to 2 mm. The research 
concluded that a more elastic hose had no audible effect on the noise level.  

8.3.1 Counter top resonance  

The feet had thin rubber rings underneath to prevent structure-borne sound and vibrations from 
spreading to the countertop. However, low frequencies could still create resonance between the 
machine and the counter top, which could generate additional noise. Tests were done in the acoustics 
lab with dishwashers standing on a vibration absorbent material. The tests concluded that the isolation 
had no audible effect on the noise level.   

8.3.2 Pump efficiency 

All the machines tested generated a loud noise. An article by Taber stated that poor efficiency is 
associated with increased noise and vibration (Taber, 2011). This led to the assumption that the pumps 
were operating in poor conditions. The pump could be damaged and might not function properly. The 
hydraulic properties of the pump might not be compatible with the hydraulic specifications for the 
system. The results from the hydraulic research proved that this was the case. Tests revealed that there 
was a significant variation in efficiency between pumps. All pumps were operating at an efficiency that 
was far from ideal. These issues were discussed with the steering team. The suboptimal efficiency was 
estimated to have a minor effect on the noise level, increasing the sound pressure level with no more 
than 3 dBA.  

8.3.3 Pump reliability  

Pump head and efficiency declined after only a couple of weeks of testing. The pressure level of some 
pumps dropped 100 mBar. Pumps had to be replaced as the cleaning performance went down and the 
noise level went up. Pumps were subjected to a reliability test and required to run for 3000 hours. The 
tests revealed that the pump shafts fractured after 2100 hours. None of the pumps achieved the specific 
requirements for reliability.  
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8.4 Mechanical design solutions 

Spacers were manufactured to prevent flange deformation, which was identified as a major noise factor. 
Inserting a spacer between the screw and the hole prevented the screw head from pressing against the 
rubber flange, thus eliminating the risk of the flange deforming. All spacers reduced the noise level, but 
to varying degree.  

8.4.1 Plastic spacers 

Three different plastic spacers were manufactured. One of them was a simple cylinder to fit between 
the screw and the hole. Two spacers were designed with washers at the end. One spacer had a 2 mm 
washer and the other spacer had a 4 mm washer. All plastic spacers prevented the pump from hitting 
the adjacent plastic surface. However, tests showed that spacers with washers were less effective at 
reducing the noise. The washers increased the distance δ between the pump and the adjacent plastic 
surface, which put the pump into a lower position where it was jammed between the suspension and 
the hoses. The opposing forces caused stress which deformed the flange and increased the stiffness, see 
Figure 34. 

 

Figure 34. Pump deformed by stress. 

The plastic spacers did reduce the noise level, but to a varying degree. The 3D printer limited the size 
and thickness of the spacers, creating a technical dilemma. One alternative was to make the holes in the 
rubber gasket bigger. This reduced the stiffness and made the suspension unable to support the pump. 
The other alternative was to force the spacer into the hole. This increased the stiffness and made it 
easier for vibrations to spread. Neither alternative was considered valid, ruling out plastic spacers as a 
possible solution. 

8.4.2 Metal spacers 

The metal spacer kept the pump in place without deforming the flange. The thin metal fit perfectly 
between the screw and the hole. The noise level for the 5 minute test was reduced from 60,6 to 51,3 
dBA. The goal set by Electrolux was to reduce the SPL to 55 dB. The metal spacers reduced the noise by 
9,3 dBA. As Talbot-Smith explained, the sound pressure level is a logarithmic scale, which means that 
the difference was perceived as if the noise was reduced by half (Talbot-Smith, 2002). The sound level 
for the full cycle test was 52,7 dBA, slightly higher than for the 5 minute test.  
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9 Hydraulic analysis 

9.1 Pump performance 

There was a significant difference in performance between the pumps. They were specified for a flow 
rate of 10 l/min at which the pressure level varied between 170 and 280 mBar, see Figure 35.  

 

Figure 35. Pump pressure and flow rate diagram. 

Tests performed at Electrolux by Teskera in 2013 showed that a pressure difference of 10 mBar was 
enough to affect the cleaning performance. Pumps had to be replaced when they could not generate 
enough pressure for the water jets to reach the top of the dishes. 
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9.2 Operating point and best efficiency point 

Pump 6 operated at 8 % efficiency, the highest of the sampled pumps. Pump 4 had the worst efficiency, 
operating at 4% efficiency. The best efficiency point for these pumps was 15%. Looking at the diagram, it 
became evident that all the pumps were operating in poor conditions, far from their optimal efficiency, 
see Figure 35.  

 

Figure 36. H-Q diagram for tested pumps.  

A pump operating to the left or right of the BEP does not only affect efficiency, but reliability and 
longevity. Poor operating conditions increase the stress acting on the shaft and bearing, due to 
increased thrust and radial loads. Taber stated in an article for HPAC Engineering magazine that 
cavitation can cause erosion and increase noise and vibration. The article also stated that the risk of 
cavitation increases with higher flow rate (Taber, 2011).  
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10 Concept 

10.1 Design 

A conceptual suspension was developed based on the findings of the literature and research. It was 
designed to reduce vibration and noise and improve assembly. Instead of a stiff flange, the pump is 
supported by rubber straps that stretch between the pump and three surrounding support rods. The 
elastic suspension absorbs vibrations and counteracts pump motion and dislocation. The concept can be 
adjusted to fit a variety of pump sizes. It is only dependent on the length of the mounting strip and the 
number of clips, and can be scaled to suit the needs of the user. Closest to the pump is a rubber isolated 
stainless steel mounting strip that is mounted onto the waist of the pump, see Figure 37.  

 

Figure 37. The mounting strip holding the pump.  

Holes are punched through the rubber isolation and snap fits are clipped onto the mounting strip. The 
isolation is thicker than the head of the clip to prevent contact with the pump. The suspension has been 
designed to isolate the pump from anything that could spread vibrations. The rubber isolation and the 
elastic discharge and suction hose all help to absorb vibrations and reduce noise. The clips serve a dual 
purpose. One clip secures the mounting strip whilst the others function as hooks for the rubber straps. 
The snap-fit clips provide easy assembly and disassembly. Pushing the button on the clip will release the 
snap fit, see Figure 38.  

 

Figure 38.  Release button on snap-fit clip. 
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Rubber straps are stretched between the support rods and the clips. Vibrations generated by the pump 
spread through the rubber straps and disperse. Longer straps are more effective at reducing vibration. 
The rubber straps are stretched diagonally to make full use of the limited space. The support rods are 
taller than in the original design and have slits at the top and bottom for attaching the straps, see Figure 
39. 

 

Figure 39.  Rubber straps are attached to the top and bottom of each support rod.  

10.2 Surrounding surfaces and features 

Ekroth and Granryd explained the most important actions for reducing vibrations and noise in their 
book. They stated that it is important to minimize vibration surfaces (Ekroth & Granryd, 2008). The 
distances between the support rods have been increased to separate them from the safety panel 
surrounding the pump. The mounting feature is no longer attached to the safety panel. This prevents 
vibrations and structure-borne sound from propagating through the bottom and side panels, see Figure 
40.  

 

Figure 40. The pump is no longer attached to the safety panel or the mounting feature. 
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10.3 Assembly  

The suspension is designed to ensure infallible assembly, and intuitive cues are embedded in the design 
to facilitate mounting. Screws have been replaced with snap fit clips that cannot be tightened to various 
degrees. Snap fits can only be attached or detached. The rubber straps are stretched when attached 
correctly and slack when attached incorrectly. The straps fit perfectly against the angle and curvature of 
the slit when mounted correctly. The design makes it easy to access, change and maintain the pump, see 
Figure 41.   

 

Figure 41. The new design facilitates access and maintenance.  

10.4 Prototype 

A prototype was manufactured to demonstrate the principle function and design. The base was 
manufactured in a 3D printer, see Figure 42. 

 

Figure 42. White parts are printed separately and assembled.  
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Rubber bands were stretched between the support rods and the snap-fir clips, see Figure X.  

 

Figure 43. Pump supported by rubber bands. 

The mounting strip was assembled with a steel patent band, a rubber sealing strip, three double rivets 
and eight magnets, see Figure 44.  

 

Table 3. Mounting strip prototype. 
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11 Discussion 

11.1.1 Acoustic methodology  

The goal of the thesis was to improve sound and reduce noise. Other acoustic properties that affect the 
way we perceive sound were considered, e.g. perceived loudness, sharpness, fluctuation strength, and 
roughness etc. These properties could have been utilized to develop a product sound that would have 
been perceived as more pleasant by the listeners. However, Electrolux had no sound quality 
specifications or requirements for these properties, and neither did they have the equipment necessary 
to measure them. All sound quality properties were disregarded except for sound pressure level. It 
affects the sound quality more than other properties and is the only acoustic property that needs to be 
specified on the package of the product.  

A greater sample size would have made it possible to perform more tests, which would have given more 
results to analyze. There were a limited number of functional prototypes and pumps which restricted 
the sample size. The number was reduced further due to pumps wearing out. The limited time in the 
acoustics lab was also restricted the number of tests. More tests were scheduled in the initial research 
plan. However, the plan could not be followed through due to the fact that other projects were 
prioritized. Tests were often postponed for weeks and could be interrupted at any time. These 
conditions made it hard to plan, prepare and execute tests. However, the results gathered were 
considered acceptable despite the small sample size. Conclusions were drawn from numerous tests and 
discussed with the steering team, thus considered reliable.  

11.1.2 Acoustic results 

The spacers prevented deformation and reduced the noise level. The goal of lowering the SPL to 55 dB 
was exceeded. The noise level was reduced by 9,3 dB, from 60, to 51,3 dBA, reducing the perceived 
sound by half. The noise level measured over the whole cycle was reduced by 7,9 dBA, from 60,6 to 52,7 
dBA. The graph showed that the sound level went up during the test. Theories on possible causes were 
discussed with sound and vibration engineers. The heater was identified as a possible cause. It was 
mounted to the discharge pipe to heat the water flowing trough. The heat could cause the pipes to 
expand, which would lower the system head, flow rate and efficiency, and increase noise as a 
consequence. A diagram illustrating the noise over time was compared to a diagram illustrating the 
water temperature over time, and the two charts did seem to correspond with one another. However, 
this theory should be investigated further. For recommendations on future work, see Appendix D. 
Regardless of cause, this does imply that the noise level for the tested dishwasher also should have been 
slightly higher if measured over the whole cycle. Hence, the level of noise reduced for the whole cycle 
should be similar to the results in the 5 minutes tests.  

11.1.3 Hydraulic methodology 

Calculating system head required measuring pressure and flow. However, flow rate could not be 
measured due to limited space. Instead the flow rate was deduced with data from the pump tests. This 
was considered to give a plausible measure on the flow rate in the machine. The research was 
considered a pre-study and expected to deliver an estimate on the performance. Hence, steering team 
determined that the choice to correlate system and pump flow rate was reasonable and that the margin 
of error was acceptable. Due to the approximate nature of the research, the density of water was set to 
1000      .  
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The system head equation (6) was reduced due to strategic placing of the pressure probes. Probes were 
attached to sections of the suction and discharge pipe where the diameters, and therefore the velocity, 
were identical. The elevation difference between the probes was 15 mm, and regarded as negligible.  

The terms 
    

 

  
 and     and          were disregarded and the system head equation could be reduced 

to 

     
    

  
 

    
 

  
                     

    

  
  

Head generated at the operating point varied from 1,5 to 1,8 m. The elevation     was within another 
order of magnitude, and 15 mm would have made no apparent difference on the system head.  

Total efficiency was calculated to determine pump system compatibility. Hydraulic efficiency is a more 
accurate method when determining operating point and best efficiency point. The difference between 
total and hydraulic efficiency and hydraulic is that the latter is hydraulic power divided with the shaft 
power instead of the total electric power. Hydraulic efficiency describes how much of the power 
supplied by the shaft is converted into hydraulic power. Total efficiency describes how much of the 
power supplied by the electric motor is converted into hydraulic power. It does not take into account 
the losses within the motor. The decision to go with the total efficiency was based on practical and 
theoretical reasoning.  

The practical reason concerned shaft power and how to acquire it. The pump supplier was contacted to 
provide the necessary data to calculate the hydraulic efficiency. Unfortunately, no information on shaft 
power for the specific model was available. Electrolux had a test bench used to measure mechanical 
load, which could be used to calculate hydraulic efficiency. However, the pumps were under 
dimensioned and unable to carry the minimum load generated by the test bench. There were thoughts 
of developing and building a test bench for measuring load of compact dishwasher pumps. This was 
considered a time and resource consuming project that would not fit into the time frame of this thesis.  

The theoretical reasoning concerned the brush less direct current (BLDC) pump. The assertion was that 
the difference between the total and hydraulic efficiency was small, due to the fact that the losses in the 
motor were minor. BLDC pumps do not use carbon brushes like regular DC pumps do. Instead, they use 
electric components, which cause less wear and friction. This makes the BLDC pump more efficient 
when it comes to converting electric power to mechanical power. The H-Q diagrams would have looked 
slightly different if they would have included the hydraulic efficiency instead. The operating point and 
best efficiency would have been lower, but the general conclusions would have been the same and the 
inefficiency of the pumps would still have been evident. 

Pump efficiency was measured in hydraulic tests and noise levels were measured in acoustic tests. The 
results made it evident that the pumps were not optimized to the operating conditions of the 
dishwasher. Inefficiency cause fluid turbulence and cavitation and affects noise and vibration. 
Consequently, increasing efficiency would reduce noise and vibration. Measures to reduce noise and 
vibration were discussed with the steering team. There were a number of alternatives available to 
change the hydraulic properties of the pump. Efficiency could be improved by changing pump speed. 
However, the pumps used were BLDC that ran at a fixed speed, thus eliminating that alternative. A 
second alternative was to trim or redesign the impeller. This alternative was discussed and concluded to 
be outside the scope of the thesis. A third alternative was throttling. Installing valves in a hydraulic 
system increases pressure but lowers the flow rate. This alternative was the least reliable and effective 
of the three, and was thus discarded. The final option was to change pump. The supplier could be 
contacted and an effort could be made to either find a more suitable pump, or to redesign the current 
model. For recommendations on future work, see Appendix D. 
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12 Conclusion 

Electrolux are developing a new dishwasher that has been criticized internally for emitting a loud and 
unpleasant noise. The aim of this thesis was to reduce the noise to the acceptance level of 55 dBA. The 
task was divided into three objectives. 

The first objective was to develop and implement a mechanical design solution to reduce noise. 
Dishwashers and pumps in different configurations were tested and measured in the acoustic lab. The 
noise level of the default machines varied between 58,4 and 59,8 dBA. This was louder than measured 
in previous tests at Electrolux. The pump was identified as the noise and vibration source. The raised 
noise level was attributed to an unreliable pump setup unable to ensure sound quality. The main flaw 
was the rubber flange which was fastened with screws. Loose screws failed to keep the pump in place 
whilst tight screws deformed the flange. The pump was pushed against surrounding features, whereby 
vibrations were transmitted straight into the base and shell of the product, increasing the vibration area 
and generating additional noise. A slight gap between the two would generate even more noise, due to 
the pump vibrating and hitting adjacent surfaces. Ideas were developed and prototypes were 
manufactured and tested in the acoustic lab. The most reliable and most efficient solution was metal 
spacers placed in the holes of the flange. They prevent the screws from deforming the flange and 
eliminated the risk of the pump hitting adjacent features. The metal spacers reduced the noise level 
from 60,6 to 51,3 dBA. The sound pressure level for the whole cycle was slightly higher, 52,7 dBA. Three 
dishwashers with metal spacers were subjected to field test, and no complaints were made on the 
noise.  

The second objective was to develop a suspension concept to further reduce noise. The final concept 
was an elastic suspension where rubber straps held the pump in place. The suspension isolated the 
source, absorbed vibrations and counteracted pump displacement. The design ensured infallible 
assembly and could be adjusted to fit different pumps. 

The third objective was to investigate the hydraulic performance and determine whether or not the 
pump efficiency was a noise factor. Pump performance was measured in a hydraulic test bench whilst 
operating conditions were measured in the dishwasher using pressure probes. The hydraulic 
performance deviated greatly between the pumps. The pressure level varied from 170 to 280 mBar. 
Tests performed by Teskera in 2013 showed that a pressure difference of 10 mBar was enough to affect 
the cleaning performance. A pressure difference of 110 mBar would prevent the dishwasher from 
cleaning the dishes. When calculating efficiency, it became clear that the pumps were not optimized for 
the system. The best pump operated at 8 % efficiency, and the worst pump operated at 4 % efficiency. 
All pumps operated far from the best possible efficiency at 15 %. The research concluded that poor 
operating conditions had an effect on the noise as well as longevity. Reliability tests showed that none 
of the pumps passed the quality requirements. Pumps wore out quickly during testing, with reduced 
efficiency and increased noise as a result.  

To conclude, all tasks that were planned in this thesis were executed. The three objectives, each defined 
within their respective focus area, were all complete. Consequently, the main purpose of this thesis was 
accomplished. 
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APPENDIX A: Hydraulic pump data 

 
 

 
Pump Nr. 3 

 
 

Valve [%] 
Pressure 1 
[mBar] 

Pressure 2 
[mBar] Dif. Pres [mBar] Flow [l/min] Dif. Pres [kPa] H [m] 

100 20 21 1 13.8 0.1 0.01019368 

90 20 22 2 13.8 0.2 0.02038736 

80 20 22 2 13.8 0.2 0.02038736 

70 20 22 2 13.7 0.2 0.02038736 

60 20 22 2 13.7 0.2 0.02038736 

50 20 28 8 13.6 0.8 0.081549439 

45 20 31 11 13.5 1.1 0.112130479 

40 20 37 17 13.5 1.7 0.173292559 

35 20 48 28 13.3 2.8 0.285423038 

30 20 75 55 12.9 5.5 0.560652396 

25 20 114 94 12.4 9.4 0.958205912 

20 20 188 168 11.4 16.8 1.712538226 

15 20 373 353 8.2 35.3 3.598369011 

10 20 573 553 4.1 55.3 5.637104995 

5 20 670 650 0 65 6.625891947 

0 20 710 690 0 69 7.033639144 

 

 

 

 

 



ii 

 

 

 

 

 
 
 
 

Pump Nr. 

4 

 

 

Valve [%] 
Pressure 1 
[mBar] 

Pressure 2 
[mBar] Dif. Pres [mBar] Flow [l/min] Dif. Pres [kPa] H [m] 

100 12 13 1 13.7 0.1 0.01019368 

90 12 13 1 13.7 0.1 0.01019368 

80 12 13 1 13.7 0.1 0.01019368 

70 12 14 2 13.7 0.2 0.02038736 

60 12 15 3 13.6 0.3 0.03058104 

50 12 18 6 13.6 0.6 0.06116208 

45 12 22 10 13.5 1 0.101936799 

40 12 28 16 13.5 1.6 0.163098879 

35 12 38 26 12.9 2.6 0.265035678 

30 12 70 58 12.8 5.8 0.591233435 

25 12 117 105 12.3 10.5 1.070336391 

20 12 193 181 11.2 18.1 1.845056065 

15 12 357 345 9 34.5 3.516819572 

10 13 685 672 3.3 67.2 6.850152905 

5 13 750 737 0 73.7 7.5127421 

0 13 773 760 0 76 7.747196738 
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Pump Nr. 5 

 
 

Valve [%] 
Pressure 1 
[mBar] 

Pressure 2 
[mBar] Dif. Pres [mBar] Flow [l/min] Dif. Pres [kPa] H [m] 

100 21 21 0 13.3 0 0 

90 21 21 0 13.3 0 0 

80 21 21 0 13.3 0 0 

70 21 21 0 13.2 0 0 

60 21 23 2 13.1 0.2 0.02038736 

50 21 26 5 13.1 0.5 0.0509684 

45 21 29 8 13 0.8 0.081549439 

40 21 35 14 12.9 1.4 0.142711519 

35 21 45 24 12.8 2.4 0.244648318 

30 21 70 49 12.5 4.9 0.499490316 

25 21 106 85 12 8.5 0.866462793 

20 21 177 156 11 15.6 1.590214067 

15 21 438 417 7.5 41.7 4.250764526 

10 21 613 592 4.2 59.2 6.034658512 

5 21 700 679 0 67.9 6.921508665 

0 22 720 698 0 69.8 7.115188583 
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Pump Nr. 6 

  

Valve [%] 
Pressure 1 
[mBar] 

Pressure 2 
[mBar] Dif. Pres [mBar] Flow [l/min] Dif. Pres [kPa] H [m] 

100 14 16 2 12.5 0.2 0.02038736 

90 14 17 3 12.4 0.3 0.03058104 

80 14 17 3 12.4 0.3 0.03058104 

70 14 18 4 12.4 0.4 0.04077472 

60 14 18 4 12.4 0.4 0.04077472 

50 14 21 7 12.4 0.7 0.071355759 

45 14 23 9 12.3 0.9 0.091743119 

40 14 30 16 12.2 1.6 0.163098879 

35 14 40 26 12.1 2.6 0.265035678 

30 14 57 43 11.8 4.3 0.438328236 

25 14 100 86 11.3 8.6 0.876656473 

20 15 163 148 10.4 14.8 1.508664628 

15 15 380 365 7 36.5 3.72069317 

10 15 539 524 4 52.4 5.341488277 

5 15 615 600 0 60 6.116207951 

0 17 635 618 0 61.8 6.29969419 

 

 

 

 

 



v 

 

 

 

Pump Nr. 7 

Valve [%] Pressure 1 [mBar] Pressure 2 [mBar] Dif. Pres [mBar] Flow [l/min] Dif. Pres [kPa] H [m] 

100 19 20 1 13.3 0.1 0.01019368 

90 19 20 1 13.2 0.1 0.01019368 

80 19 20 1 13.2 0.1 0.01019368 

70 19 20 1 13.2 0.1 0.01019368 

60 19 22 3 13.1 0.3 0.03058104 

50 19 27 8 13.1 0.8 0.081549439 

45 19 30 11 13 1.1 0.112130479 

40 19 36 17 12.9 1.7 0.173292559 

35 19 46 27 12.8 2.7 0.275229358 

30 19 65 46 12.6 4.6 0.468909276 

25 19 114 95 12 9.5 0.968399592 

20 19 186 167 11 16.7 1.702344546 

15 19 377 358 8.4 35.8 3.649337411 

10 19 608 589 4.5 58.9 6.004077472 

5 19 750 731 0 73.1 7.45158002 

0 20 750 730 0 73 7.44138634 
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APPENDIX B: Hydraulic system data 

Q [l/min] Q [m³/s] Q² K H [m] 

0 0 0 50314656 0 

0.14 2.33333E-06 5.44444E-12 50314656 0.000274 

0.28 4.66667E-06 2.17778E-11 50314656 0.001096 

0.42 0.000007 4.9E-11 50314656 0.002465 

0.56 9.33333E-06 8.71111E-11 50314656 0.004383 

0.7 1.16667E-05 1.36111E-10 50314656 0.006848 

0.84 0.000014 1.96E-10 50314656 0.009862 

0.98 1.63333E-05 2.66778E-10 50314656 0.013423 

1.12 1.86667E-05 3.48444E-10 50314656 0.017532 

1.26 0.000021 4.41E-10 50314656 0.022189 

1.4 2.33333E-05 5.44444E-10 50314656 0.027394 

1.54 2.56667E-05 6.58778E-10 50314656 0.033146 

1.68 0.000028 7.84E-10 50314656 0.039447 

1.82 3.03333E-05 9.20111E-10 50314656 0.046295 

1.96 3.26667E-05 1.06711E-09 50314656 0.053691 

2.1 0.000035 1.225E-09 50314656 0.061635 

2.24 3.73333E-05 1.39378E-09 50314656 0.070127 

2.38 3.96667E-05 1.57344E-09 50314656 0.079167 

2.52 0.000042 1.764E-09 50314656 0.088755 

2.66 4.43333E-05 1.96544E-09 50314656 0.098891 

2.8 4.66667E-05 2.17778E-09 50314656 0.109574 

2.94 0.000049 2.401E-09 50314656 0.120805 

3.08 5.13333E-05 2.63511E-09 50314656 0.132585 

3.22 5.36667E-05 2.88011E-09 50314656 0.144912 

3.36 0.000056 3.136E-09 50314656 0.157787 

3.5 5.83333E-05 3.40278E-09 50314656 0.17121 

3.64 6.06667E-05 3.68044E-09 50314656 0.18518 

3.78 0.000063 3.969E-09 50314656 0.199699 

3.92 6.53333E-05 4.26844E-09 50314656 0.214765 

4.06 6.76667E-05 4.57878E-09 50314656 0.23038 

4.2 0.00007 4.9E-09 50314656 0.246542 

4.34 7.23333E-05 5.23211E-09 50314656 0.263252 

4.48 7.46667E-05 5.57511E-09 50314656 0.28051 

4.62 0.000077 5.929E-09 50314656 0.298316 

4.76 7.93333E-05 6.29378E-09 50314656 0.316669 

4.9 8.16667E-05 6.66944E-09 50314656 0.335571 

5.04 0.000084 7.056E-09 50314656 0.35502 

5.18 8.63333E-05 7.45344E-09 50314656 0.375017 

5.32 8.86667E-05 7.86178E-09 50314656 0.395563 

5.46 0.000091 8.281E-09 50314656 0.416656 

5.6 9.33333E-05 8.71111E-09 50314656 0.438297 
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5.74 9.56667E-05 9.15211E-09 50314656 0.460485 

5.88 0.000098 9.604E-09 50314656 0.483222 

6.02 0.000100333 1.00668E-08 50314656 0.506506 

6.16 0.000102667 1.05404E-08 50314656 0.530339 

6.3 0.000105 1.1025E-08 50314656 0.554719 

6.44 0.000107333 1.15204E-08 50314656 0.579647 

6.58 0.000109667 1.20268E-08 50314656 0.605123 

6.72 0.000112 1.2544E-08 50314656 0.631147 

6.86 0.000114333 1.30721E-08 50314656 0.657719 

7 0.000116667 1.36111E-08 50314656 0.684838 

7.14 0.000119 1.4161E-08 50314656 0.712506 

7.28 0.000121333 1.47218E-08 50314656 0.740721 

7.42 0.000123667 1.52934E-08 50314656 0.769484 

7.56 0.000126 1.5876E-08 50314656 0.798795 

7.7 0.000128333 1.64694E-08 50314656 0.828654 

7.84 0.000130667 1.70738E-08 50314656 0.859061 

7.98 0.000133 1.7689E-08 50314656 0.890016 

8.12 0.000135333 1.83151E-08 50314656 0.921519 

8.26 0.000137667 1.89521E-08 50314656 0.953569 

8.4 0.00014 1.96E-08 50314656 0.986167 

8.54 0.000142333 2.02588E-08 50314656 1.019313 

8.68 0.000144667 2.09284E-08 50314656 1.053007 

8.82 0.000147 2.1609E-08 50314656 1.087249 

8.96 0.000149333 2.23004E-08 50314656 1.122039 

9.1 0.000151667 2.30028E-08 50314656 1.157377 

9.24 0.000154 2.3716E-08 50314656 1.193262 

9.38 0.000156333 2.44401E-08 50314656 1.229696 

9.52 0.000158667 2.51751E-08 50314656 1.266677 

9.66 0.000161 2.5921E-08 50314656 1.304206 

9.8 0.000163333 2.66778E-08 50314656 1.342283 

9.94 0.000165667 2.74454E-08 50314656 1.380908 

10.08 0.000168 2.8224E-08 50314656 1.420081 

10.22 0.000170333 2.90134E-08 50314656 1.459801 

10.36 0.000172667 2.98138E-08 50314656 1.50007 

10.5 0.000175 3.0625E-08 50314656 1.540886 

10.64 0.000177333 3.14471E-08 50314656 1.582251 

10.78 0.000179667 3.22801E-08 50314656 1.624163 

10.92 0.000182 3.3124E-08 50314656 1.666623 

11.06 0.000184333 3.39788E-08 50314656 1.709631 

11.2 0.000186667 3.48444E-08 50314656 1.753186 

11.34 0.000189 3.5721E-08 50314656 1.79729 

11.48 0.000191333 3.66084E-08 50314656 1.841941 

11.62 0.000193667 3.75068E-08 50314656 1.887141 

11.76 0.000196 3.8416E-08 50314656 1.932888 

11.9 0.000198333 3.93361E-08 50314656 1.979183 
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12.04 0.000200667 4.02671E-08 50314656 2.026026 

12.18 0.000203 4.1209E-08 50314656 2.073417 

12.32 0.000205333 4.21618E-08 50314656 2.121355 

12.46 0.000207667 4.31254E-08 50314656 2.169842 

12.6 0.00021 4.41E-08 50314656 2.218876 

12.74 0.000212333 4.50854E-08 50314656 2.268459 

12.88 0.000214667 4.60818E-08 50314656 2.318589 

13.02 0.000217 4.7089E-08 50314656 2.369267 

13.16 0.000219333 4.81071E-08 50314656 2.420493 

13.3 0.000221667 4.91361E-08 50314656 2.472267 

13.44 0.000224 5.0176E-08 50314656 2.524588 

13.58 0.000226333 5.12268E-08 50314656 2.577458 

13.72 0.000228667 5.22884E-08 50314656 2.630875 

13.86 0.000231 5.3361E-08 50314656 2.68484 
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APPENDIX C: Efficiency and power data 

Pressure [mBar] Flow rate [l/min] Current [A] Electric power [W] Hydraulic power [W] Total efficiency [%] 

30 11.8 1.2 29 0.59 2.0 

50 11.5 1.2 29 0.96 3.3 

100 10.8 1.2 29 1.79 6.2 

150 10.2 1.2 29 2.54 8.8 

200 9.5 1.2 29 3.15 11.0 

250 9.0 1.2 29 3.75 13.1 

300 7.8 1.1 28 3.92 13.8 

350 7.0 1.1 28 4.10 14.5 

400 6.2 1.1 28 4.14 14.7 

450 5.2 1.1 28 3.86 13.8 

500 4.0 1.1 27 3.35 12.2 

550 3.7 1.1 27 3.39 12.8 

600 2.3 1.0 25 2.30 9.1 

650 1.1 1.0 24 1.19 5.0 

700 0.0 0.9 23 0.00 0.0 
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APPENDIX D: Future work 

Acoustic research  
- The conclusions of the research should be utilized in the future development of the compact 

dishwasher. The properties and features of the metal spacer need to be developed and adapted 
for the end-product.  

- Further investigation should be made into the effect that the pumps have on noise. The 
performance required to achieve acceptable cleaning performance should be investigated and 
specified. Tests and measurements should establish the correlation between pump 
performance and noise level.  

- A redesign of the pump set up would allow the opportunity to address the noise factors 
specified in the report. Issues concerning noise and reliability should be improved or resolved. 
The plastic case surrounding the machine should be modified to prevent vibrations spreading 
through the machine.  

Hydraulic research 
- The inefficiency of the pumps is a key concern that needs to be addressed. An investigation 

should determine the cause for deficient performance and reliability. The causes must be 
addressed and resolved accordingly. Measures to improve pump performance, reliability and 
efficiency should be developed and evaluated. An investigation should be made to determine 
the benefits of a test bench specified for compact pumps.  

- The supplier should be asked to reevaluate the performance and reliability of the pumps. A 
decision must then be made to either redesign the current model, find a more suitable pump or 
to find another supplier. Redesign of the impeller could improve pump performance. Cost and 
risk analysis needs to be done to verify feasibility.  

- Further investigation should be made into the cause for the elevated noise level when running a 
full cycle.  


