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Abstract 
The condensation drying phase during a dishwasher cycle can consume up to about 60 % 

of the total energy needed in the energy declaration program. A comparison between a 

static drying system with no fan and a dynamic drying system with a fan, to investigate if 

energy consumption for drying can be decreased, is very interesting. A Computational 

Fluid Dynamics (CFD) model has been set up in a first step to investigate dynamic drying 

with a fan. The aim of this master thesis project is to provide an experimental data set for 

validation of the CFD model and also to get a better understanding on how plate distance 

will affect the drying. 

 

The experiment was carried out at Luleå University of Technology using Particle Image 

Velocimetry (PIV). It is a laser method that does not disturb the measured flow. For two 

different air flow rates 20 m
3
/h and 30 m

3
/h the velocity distribution was measured 

between the dinner plates and around a cup in the corner.  

 

The results showed that the flow is going downward between the dinner plates. When 

comparing the PIV data with the CFD results the agreement was better further away from 

complicated geometries. Increasing the plate distance from 10 mm to 20 mm improves 

theoretical drying, but when increasing from 20 mm to 30 mm the drying stays the same. 
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1. Introduction 
The water consumption in dishwashers has reduced from 50 to 10 liters during the last  

30 years. Also the energy needed has decreased from an average of 3 kWh to below  

1 kWh per cycle. The dishwasher companies aim to reduce the water and energy 

consumption even further, which is important for sustainable reasons. 

 

A drying system in dishwashers can either be dynamic with a fan or static without a fan. 

Dishware is normally statically dried in the dish washer with water condensation drying 

in a closed system. It is performed with a hot rinse where the water, dishes and structure 

is heated to above 60 ºC. Today this drying process can represent up to 60 % of the total 

energy consumption of the dishwasher in the energy cycle. It is interesting to compare a 

static system to a dynamic system to see if energy consumption would decrease. A 

dynamic drying system includes a fan to force circulation and consequently enhance the 

condensation of water.  

 

Computational Fluid Dynamics (CFD) can be a good tool for simulating the performance 

of the dish washer during dynamic drying. The performance is for example measured in 

flow distribution or in dishware temperature, which gives an idea how well dishes are 

drying. Preliminary CFD simulations have been carried out for a dynamic drying system 

with a fan, and to be able to improve the CFD simulations for dishwashers a validation of 

the model will be done. The validation consists of velocity measurements with Particle 

Image Velocimetry (PIV) since the technique does not interfere with the air flow. 

 

The aim with this thesis is to deliver a PIV data set to be used to validate and improve the 

CFD model. The improvement of the model is not covered by this thesis work. Another 

aim is to get insight how the placing of dishware in the dish washer basket will influence 

the drying performance of the dishes.  

2. Dishwasher 

2.1 Dishwasher features 

In Figure 1 some of the features of a dishwasher are seen. 

 

 
Figure 1. Dishwasher  
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1. Upper basket 

2. Salt container 

3. Detergent dispenser 

4. Rinse aid dispenser 

5. Filter - Filters the water to prevent clogging of circulation pump and sprayarms 

and prevents the dishes to get dirty again 

6. Lower sprayarm - Cleans the dishes in the lower basket by spraying water 

upwards and is also spraying water downwards to transport soil to the drain 

7. Upper sprayarm - Cleans the dishes in the upper basket 

 

Other important parts not shown in Figure 1 are: 

 Drain pump – Drains the water from the sump 

 Circulation pump – Circulates the water around in the hydraulic system. 

 Sump – Collects the water and holds the filter, drain and circulation pump.  

 Heater – Heats up the water for washing and rinsing dishes 

 

2.2 Dishwasher cycle 

An energy label dishwashing cycle is normally divided into five phases. Pre wash, main 

wash, cold or 1
st
 rinse, hot or 2

nd
 rinse and drying phase. The different phases can be seen 

in  

Figure 2.  

 

 
Figure 2.  Dishwasher cycle 

 

According to EN standard the filling water temperature has to be 15 °C. The dishwasher 

is filled and the pre-wash removes some of the particles. A partial drain takes place and a 

partial refill. During the main wash the detergent is disposed into the dishwasher and the 

dishware is washed. Then a complete drain is made and the dishwasher is filled again and 

a cold rinse removes remaining detergent water. The dishwasher is partially drained and 

refilled again and the water is heated for the coming hot rinse. When the water is 

sufficiently hot the rinse-aid is dispensed into the water. Rinse aid is used to change the 

surface tension of the water and improve drying. The hot rinse stores energy in the 

dishes, which makes the water evaporate. Most of the energy is consumed during main 

wash and hot rinse. Hence to reduce the total energy consumption for dishwashers one 

way is to reduce the energy used for drying.  

 

Dishwashers in Europe are tested according to commission delegated regulation EU No 

1059/2010. Figure 3 shows the energy label put on all dishwashers. Stated on the label is 



6 

 

energy consumption, water consumption, drying efficiency and sound level. The 

information pushes companies to make energy efficient machines. It is also a competitive 

argument for companies to get customers to buy their products. 

 

 
Figure 3. Energy label for dishwashers. 

 

3. Drying systems today 
On the market today there are several solutions how to dry dishes in dishwashers after 

they have been washed. A drying system is either open or closed and it can also be 

passive or active as described in sections 3.1 Closed systems and 3.2 Open systems.  

 

Another way of describing a drying system inside the cavity is that it is dynamic or static. 

A dynamic system will force the air inside the cavity with a fan, for example. A static 

system uses no fan.  

3.1 Closed systems 

Systems in which the water is removed from the dishware and collected inside the 

dishwasher are called closed systems. 

 

Water condensation 

In this passive method the temperature differences leads to water condensation on the tub 

walls and the door. Some dishwashers have a side tank and the water can also condensate 

in that. 

 

LG is using their so called Hybrid Condensing Drying System, which they describe as an 

effective system that dries the dishes without the use of a heating element. [1] 
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Sorption systems 

Some materials have an ability to store moisture and release thermal energy. This 

property is used in the active sorption system for drying dishes. 

 

BSH is the only supplier on the market that provides a sorption solution. Their Zeolite® 

drying system machine uses 0.73 kWh and 7 liters to wash a 13 plate setting. [2] 

3.2 Open systems 

When water is removed from the dishware and is exchanged with external environment it 

is an open system. The evaporated water can be collected inside the machine or 

exhausted into the ambient. 

 

Door opener 

With an automatic door opener at the end of the dish cycle the humid air is let out and the 

dishes will dry faster. This open system is passive. 

 

Fans for tub ventilation 

An active open system where a fan circulates air from the outside into the dishwasher and 

water condenses on the tub walls. A forced circulation will lead to forced convection. 

 

Asko calls their system Turbo Fan Drying, which mixes moist air from the dishwasher 

with dry air from the outside. [3] 

 

Samsung has a system called Air Vent Drying System, which is a fan-driven 

condensation drying method. The heated water condensates on the tub walls and is 

drained away. Through a vent in the door small amounts of cooler air comes in and the 

fan helps to drag moisture from dishes. [4]   

 

4. CFD model 
One way to study the performance of a dynamic drying system that would dry the dishes 

with air is to setup and run CFD simulations. A first preliminary CFD model has been set 

up by Electrolux and the first step in creating the CFD model has been to simplify the 

Computer Aided Design (CAD) model, see Figure 4. The baskets are not included in the 

CFD model and the cutlery basket is simplified to a box. The tub was also simplified in 

the CFD model. 
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                        CAD model                                                         CFD model 

 
Figure 4. CFD model simplification  

 

Simulations were run to find the velocity distribution inside the tub, for example. The 

main target in this master thesis work is to provide data sets for validation of the CFD 

results. 

5. Boundary layer resistance 
The limiting factors for drying is the boundary layer that is close to the surface of the 

solid, as well as the humidity of the air. 

 

Boundary layer resistance is defined as  

 
3/1

2/1

Pr453,0

/

k

UXv

H

T
 (1) 

and is the ratio of temperature difference ∆T between solid and air over the heat flux H. v 

is the kinematic viscosity of the air, Pr the Prandtl number, and k the conductivity of the 

air. U is the free stream air speed and β is a numerical coefficient. For a laminar air flow 

β is 1 and for a turbulent flow β is often about 2.5. X is the distance from the leading edge 

of the solid. [5] An increased velocity of the air will also decrease the boundary layer 

resistance and improve drying and the drying is further enhanced if the boundary layer is 

turbulent.  

 

Reynolds number for flow between two plates 

 
v

U 2
Re   (2) 

shows the character of the flow. U is the velocity of the flow and δ is the distance 

between the center of the plates and the plate wall. v is the kinematic viscosity of the air. 

The flow is laminar for Re < 1350 and fully turbulent for Re > 1800. But transitional 

effects can be seen up to Re = 3000. [6] 
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6. Particle Image Velocimetry (PIV) 
For investigation of the air flow in the dishwasher the measuring technique PIV is used. 

PIV does not interfere with the airflow and can be applied for example in aero- and 

hydrodynamics and for flows in pumping and rotating machinery. The fluid is seeded 

with particles which follow the flow. A double pulsed laser illuminates a sheet in the 

fluid, where a CCD camera is focused. Figure 5 shows the basic principle. The camera 

takes two pictures of the illuminated particles with a short time interval dt. The two 

pictures are divided into interrogation areas usually between 64x64 pixels and 8x8 pixels. 

From FFT based cross-correlation of the interrogation areas the displacement of the 

particle patterns are found and velocity vectors can be calculated. [7] 

 

 
Figure 5. Particle Image Velocimetry measurement 

 

7. Experimental setup 

Figure 6 and Figure 7 shows the different parts of the experimental setup. The 

experimental setup is a closed system where the air is circulated through the dishwasher 

with a fan. Before the air enters the tub again it passes through a flow straightener, which 

is designed to make the turbulence uniform over the cross section. 

 
Figure 6. Experimental setup front view 
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Figure 7. Experimental setup back view 

 

 

1. Tub     5. Flow straightener 

 2. Fan     6. Laser 

 3. Flow meter (Vortex meter)  7. Camera 

 4. Smoke machine  

7.1 Tub 

All parts on the outside of the tub not needed for the experiment were taken away. Most 

parts on a dishwasher have to do with washing dishes and in this experiment the focus is 

on drying them. To be able to make the measurements mentioned in section 8.2 

Measuring Planes, windows were made on the tub by cutting the thin steel of the tub and 

gluing  

3 mm glass to cover the holes. The sharp cutting edges on the inside of the tub were made 

softer with silica to eliminate that they would disturb the air flow.  

 

A hole on the bottom of the tub was cut and an inlet part which was also used in the CFD 

model was glued on the hole. This is defined as the inlet to the tub. An air channel was 

glued to an already existing hole (the hole for tub illumination), which is the outlet. All 

possible places where air can slip through were sealed with silica.  

 

FULL dish load, Figure 10, is defined as the baskets filled with dishes according to 

Electrolux standard dish load, Figure 8 -Figure 9, with the dinner plates substituted with  

3 mm glass plates of diameter 25 cm, Figure 11.  
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Figure 8.  Upper basket 

 
Figure 9. Lower basket  

 

 
Figure 10. Full dish load 

 
Figure 11.  Glass plates, diameter 25 cm,  

                    thickness 3 mm 
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The baskets in Full dish load have been modified to be as small/thin as possible without 

losing the stableness to carry dishes, see Figure 12-Figure 15. 

 

 
Figure 12. Modified upper basket 

 
Figure 13. Upper basket 

 
Figure 14. Modified lower basket 

 
Figure 15. Lower basket 

 

SIMPLE dish load is a simple reference load with only the 12 glass plates on a simple 

support, with the possibility to vary the plate distance, see Figure 16. 

 

 
Figure 16. Simple support (plate rack) 
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In the CFD simulations the cutlery basket was simplified with a block. For the 

experiment the handle of the cutlery basket is cut off and then the basket is covered with 

Perspex, see Figure 17. The spray arm positions are defined according to Figure 18. 

 

 

 
Figure 17. Cutlery basket 

 

 

 
Figure 18. Spray arm positions, seen from above 

 

 

7.2 Fan 

To achieve flow rate 20 m
3
/h a fan of 40 W 220-240 V 50 Hz is used, that fits perfect 

with the side channel. The fan is connected to a 450 W universal dimmer for varying the 

rpm of the fan, see Figure 19. For the flow rate 30 m
3
/h a vacuum cleaner fan was put in a 

box seen in Figure 20. 

 

 
Figure 19. Fan and dimmer 

 

 

 
Figure 20. Vacuum cleaner fan in a box 
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7.3 Smoke machine 

The seeding particles for the air are created with a smoke machine. It is a SAFEX F2010 

Nebelgerät-Fog generator, see Figure 21. The machine is loaded with a glycol based 

smoke liquid and creates about 1 µm particles. [8] The control unit to the right in Figure 

21 is used to control the amount of smoke created. 

 

 
Figure 21. SAFEX Fog generator, with liquid dispenser and control unit 

7.4 Vortex flow meter 

Figure 22 shows an ABB FV4000-VT4 vortex flow meter with dimension DN25, 

corresponding to an inner diameter of 28.2 mm that is used to measure the flow rate in 

m
3
/h of the air. The accuracy of the measurements are ≤ ±1 % for gases. In a vortex flow 

meter, the flow passes an object in the airflow and vortices are formed into a so called 

Karman street; see Figure 23.  

 

 
Figure 22. Vortex flowmeter FV40000-VT4 size 

DN25 

 

 

 

 
Figure 23.  Vortex flowmeter,  

1. Solid body       2. Piezo sensor  

Source: ABB Data Sheet D184S035U02, Rev 10 
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The vortices cause pressure changes that are converted to electrical pulses that 

correspond to the frequency of the vortex shedding. The frequency of the flow is 

proportional to the Strouhal number (St) and the flow velocity U and inversely 

proportional to the width d of the object. 

 

d

U
Stf           (1) 

 

Strouhal number is a dimensionless number crucial to the quality of the flow 

measurement. [9] 

 

The flow meter is clamped between gaskets and the pipes with bolts. To ensure 

maximum operational reliability the flow meter is installed according to recommended 

inflow and outflow sections, Figure 24. The inflow section is about 60 cm and the 

outflow section about 35 cm. 

 

 
Figure 24. Recommended inflow section 

Source: ABB Data Sheet D184S035U02 Rev. 10, 

 

7.5 Flow straightener 

It is important that the flow entering the inlet is uniform. That ensures that the boundary 

condition of the inlet is the same in the experiment and in the CFD model. To achieve 

this, a flow straightener is built and attached to the inlet. A flow straightener is usually 

made of a honeycomb and one or several screens. The honeycomb width should be 6-8 

times its cell diameter. [10] Instead of a honeycomb straws with length 37.6 mm were 

packed close together in a plastic pipe. Two screens with different dimensions were 

inserted in horizontal slits made on the plastic pipe. The dimensions are listed in Table 1 

and a simple sketch is shown in Figure 25. 

 
Figure 25. Flow straightener 
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Table 1. Dimensions of  straws and meshes 

 Diameter Length 

Straws 4.7 mm 37.6 mm 

   

 Thread diameter Mesh area 

Mesh 1 0.5 mm 2.4 x 2.4 mm
2 

Mesh 2 0.3 mm 1.8 x 1.8 mm
2
 

 

7.6 PIV laser and camera 

The laser was a double pulsed Nd:YAG laser from LaVision GmbH, which was mounted 

on a translational stage. The camera used was a 1024x1280 pixels LaVision 

ImagerProPlusHS CCD camera. All result evaluation was done with the LaVision 7.1.1 

PIV software. 

 

8. Method 

8.1 Coordinate system 

The coordinate system used for the PIV data sets is identical to the coordinate system of 

the dishwasher CAD, Figure 26. 

 

 
Figure 26.  Dishwasher CAD and coordinate system 
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8.2 Measuring planes 

The most interesting places to measure the flow distribution is between the dinner plates, 

which will give an understanding on flow distribution and drying between the plates, and 

around the cups in the front right corner, which by experience is a region with poor 

drying. 

 

The design of the dishwasher is limiting the places where windows can be put and where 

it is possible to measure. Three different measurement configurations were chosen and 

are described below.  

8.2.1 Full dish load, Looking through dinner plates 

Figure 27 -Figure 30 shows the measuring area from different views. 

 

 
Figure 27. Through plates 

 
Figure 28. Laser sheet vertical, laser shooting 

from below in positive y direction 

 
Figure 29. Looking through plates, camera from 

the back 

 

 
Figure 30. View from above. First laser sheet 

52mm from back wall 

 

Here the flow is not disturbed by obstacles before entering the measure area. It is also 

possible to vary the separation between the plates to see how it affects the flow.  
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Measurements are done in the middle between plates up to between the 3
rd

 and the 4
th

 

plate. Further than that is not possible because the camera is limited to focus through 

many glass plates. The distance between glass plates in FULL dish load is about 16 mm 

and the plates are 3 mm thick. This means that the transitional stage is moved 19 mm 

between each measurement plane.  

8.2.2 Full dish load, Looking between plates 

Figure 31 -Figure 34 show the different views of the measuring area looking between 

plates. 

 

 
Figure 31. Between plates, looking from the side 

  

 

 
Figure 32. .Laser sheet vertical, shooting from 

below in positive y-direction 

 

 
Figure 33. Between plates, camera from the side 

 

 
Figure 34. View from above. Laser sheet 58 

mm from the side wall 

 

Here it is also possible to vary the distance between the plates and the flow is not affected 

by obstacles. Measurements are done for one measuring plane, 58 mm from the side wall. 
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8.2.3 Full dish load, Around cup 

The last place to measure is around the cup in the corner, where the cups do not dry as 

easily. The different views of the measuring area is shown in Figure 35 -Figure 37. 

 

 
Figure 35. Around cup, looking through door, vertical 

laser sheet in xy-plane 

 

 

 
Figure 36. The window for the camera when 

measuring around cup, looking through the door. 

 

 
Figure 37. View from above. Laser sheet on 

the middle of cup 

 

Only one measuring plane is used on the first cup closest to the door about 75 mm from 

the front edge. 
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8.2.4 Simple dish load 

With the simple dish load measurements are done looking between the plates, see Figure 

38, and looking through the plates (between first and second), for plate spacing 10 mm, 

20 mm and 30 mm. 

 

 
Figure 38. Glass plates on simple rack. Camera view through window on the side wall. 

 

8.3 Test matrix 

The measuring planes for full dish load mentioned above are run with two different flow 

rates: 19 or 20 m
3
/h and 30 m

3
/h, see Table 2. 

 

Table 2. Test matrix, full dish load 

Camera view Flowrate [m
3
/h] 

Between plates 19/20  30  

Through plates 19/20  30  

Around cup 19/20  30 
 

The simple dish load measurements are done with the flow rate 30 m
3
/h shown in Table 3 

 

Table 3. Test matrix, simple dish load 

Camera view 12 glass plates, spacing [mm] 

Through plates 10 20 30 
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8.4 Laser and camera setup 

The settings for the Nd:YAG laser and the CCD camera are seen in Table 4. 

 
Table 4. Laser and camera setup 

Programmable Timing Unit trigger  

- Internal rate (Hz) 80 

- Recording frequency (Hz) 80 

- Laser frequency (Hz) 80 

Laser power (%) 80-90 

Laser control (dt) 1000 µs or 1300 µs 

Camera recording Double frame/ Double exposure (cross-correlation) 

Number of images 400 or 600 

 

8.5 Evaluation 

Before doing any calculation or evaluation of the raw data a 3x3 Gaussian smoothing 

filter is applied to improve velocity calculation. The Gaussian filter gives the particles a 

Gaussian profile and makes it easier for the software to decide particle position with a 

greater accuracy than 1 pixel. 

 

Then vector field computation is done using multipass decreasing window size from 

64x64 to 32x32 with a 50 % overlap. This means that for the first pass the initial 

interrogation window size is used and a reference vector is calculated. For the next pass 

the window size is halved and the vector that was calculated in the first pass is used for 

the window shift. The correlation of same particles is ensured in this way. Using 

Multipass evaluation with decreasing window size improves the vector field resolution 

and less error vectors are produced. [11] 

 

The resulting vector field is then postprocessed to get rid of spurious vectors using the 

following functions Allowable vector range, Median filter: remove and replace and Fill-

up empty spaces. The Allowable vector range restricts the vectors to a specified range. 

The Median filter calculates the median vector out of 8 neighboring vectors and 

compares it with the middle vector. The middle vector is removed if it is not in the range 

median vector ± deviation of the neighboring ones. When spurious and bad vectors are 

removed the empty spaces are filled up with the Fill-up empty places command, which 

inserts an average value of the neighboring vectors. [11] 

 

The allowable vector range is different for each set of data. As a help to decide what 

range to use the scatter plot for velocities in y- and x-direction is scrutinized.  

 

From the resulting vector fields are average vector fields as well as RMS velocity 

components and Reynolds stresses calculated with the LaVision software.
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9. Results 

9.1 Positioning of inlet 

The positioning of the inlet has a large effect on the flow distribution between the first 

and the second plate, see Figure 39 and Figure 40, where the curved black lines defines 

the position of the plates. 

 

       
 

 
Figure 39. PIV data, flow distribution between 1

st
 

and 2
nd

 plate,  wrong position of inlet 

 

 

 
Figure 40. PIV data, flow distribution 

between 1
st
 and 2

nd
 plate, correct position of 

inlet 

 

There is a jet of air coming in from the right for both inlet positions but it is situated at 

different heights between the plates. The middle of the jet is moved approximately 4 cm 

higher up between the plates when the inlet is correct positioned. 
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9.2 PIV data set compared with preliminary CFD results  

A first comparison between the PIV data set and the preliminary CFD results are shown 

in Figure 41 -Figure 45, where the CFD results are provided by Electrolux Global 

Technology Center. 

 

Between 1
st
 and 2

nd
 plate 

 

  

 

 

 

Figure 41. PIV data (left) and preliminary CFD results (right), between 1
st
 and 2

nd
 plate, flow rate  

19 m
3
/h 

 

The air entering the tub through the inlet hits the side wall and curves back in between 

the 1
st
 and 2

nd
 plate. In Figure 41 the same behavior is shown between the 1

st
 and the 2

nd
 

plate that a jet is coming in from the right, but in the CFD results it is positioned about 7 

cm further down on the plates 
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Between 2
nd

 and 3
rd

 plate  
In Figure 42 the flow is going downwards between the 2

nd
 and 3

rd
 plate in the PIV results 

as well as in the preliminary CFD results. 
 

 
 

 

 

 

 

 

Figure 42. PIV data (left) and preliminary CFD results (right), between 2
nd

 and 3
rd

 plate, flow rate 19 

m
3
/h 

 

A first comparison of the velocities is shown in Figure 43 and Figure 44. The velocity 

profiles are taken along the dashed lines in Figure 42. The lines in the PIV and the CFD 

are not perfectly aligned. 
 

 
Figure 43. Velocity profile, comparison between CFD and PIV, vertical line 
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Figure 44. Velocity profile, comparison between CFD and PIV, horizontal line 

 

The first comparison of velocities shows that the CFD results are promising. The 

magnitudes of the velocities are of the same size and in general they show the same trend.  

 

Between 3
rd

 and 4
th

  
Figure 45 shows that between the 3

rd
 and the 4

th
 plate the flow is going downward as 

well. On the left side of the plate the flow going more towards the right is captured by the 

CFD. 

 

 

  

 

 

 

 

Figure 45. PIV data (left) and preliminary CFD results (right), between 3
rd

 and 4
th

 plate, flow rate  

19 m
3
/h 
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9.3 Velocity influence on drying 

9.3.1 Simple dish load and plate distance 

With three different plate distances, 10 mm, 20 mm and 30 mm, the average velocity 

fields looking between the plates are found and shown in Figure 47, Figure 49 and Figure 

51. The laser sheet is located vertically going through the blue line in Figure 46. The flow 

rate at the inlet is 30 m
3
/h. 

 

 
Figure 46. Velocity profile line 
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For the place spacing 10 mm the average velocity filed is shown in Figure 47 and Figure 

48 shows the velocity profile of the blue line.  

 

 
Figure 47.  Average velocity field, simple support, plate distance 10 mm. Blue line from Figure 46 

Velocity profile, simple support, 10mm
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Figure 48. Velocity profile of blue line in Figure 47, plate distance 10 mm 

 

With the kinematic viscosity of air (at 20 °C) ν =15 µm
2
/s, Reynolds number between the 

plates is Re = 100, which is a laminar flow. The mean velocity between the plates is  

0.15 m/s which gives boundary layer resistance (from Eq. 2)  

ΔT/H = 0.43. 
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For a space placing of 20 mm the average velocity filed is shown in Figure 49 and the 

velocity profile of the blue line in Figure 50. 

 

 
Figure 49. Average velocity field, simple support, plate distance 20 mm. Blue line from figure 46 

 

Velocity profile, simple support, 20mm
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Figure 50. Velocity profile of blue line in Figure 49, plate distance 20 mm 

 

Reynold’s number between the plates with a distance of 20 mm is 330 indicating a 

laminar flow. The parabolic shape of the velocity profile indicates laminar flow as well. 

The mean velocity between the plates is 0.25 m/s and gives ΔT/H = 0.33. 
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The average velocity filed when the space placing is 30 mm is shown in Figure 51 and 

the velocity profile of the blue line in Figure 52. 

 

 
Figure 51.  Average velocity field, simple support, plate distance 30 mm. Blue line from figure 46 
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Figure 52. Velocity profile of  blue line in Figure 51, plate distance 30 mm 

 

A plate distance of 30 mm gives Re = 540. Here the mean velocity between the plates is 

0.27 m/s and ΔT/H = 0.32. The velocity profile is non symmetric with a tendency of 

higher velocities closer to the front of the glass plates. The length of the parallel path 

between the plates is not sufficient to give the flow a parabolic shape. 
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9.3.2 Full dish load 

For the full dish load mean velocity profiles are plotted around the same place as for 

simple dish load. The flow is laminar between the plates and has a mean velocity of  

0.11 m/s for flow rate 19 m
3
/h and a mean velocity of 0.18 m/s for flow rate 30 m

3
/h. The 

mean velocity is then not increased much by increasing the flow rate at the inlet. 

Assuming that the mean velocity is the same on the middle of the plates gives us a 

boundary layer resistance ΔT/H from the top of the plate to the bottom, of 0.11 up to 0.57 

for flow rate 19 m
3
/h. For flow rate 30 m

3
/h the boundary layer resistance ΔT/H range is 

0.09 up to 0.44 from the top to the bottom of the plate. This means that drying is 

theoretically not as good at the bottom of a plate compared to the top. 

 

10. Errors 
The laser sheet and the field of view from the camera should be parallel. Here errors are 

introduced when aligning the two with rulers. The coordinates (x0,y0) for each PIV data 

set have been measured from known distances in the tub, like distance from back of tub 

to edge of plate or distance from the shelf for the basket wheels to tape edge and then 

compared to the picture dimensions. For the simple load measurement the procedure was 

improved with a particular calibration of the images linked to the global coordinates of 

the tub. The laser sheet position is defined from measurements with a ruler from the 

closest wall. 

 

The La Vision PIV system has an estimated time uncertainty of 1ns. For the 

measurements in this work dt has been 1000-1300 µs. That would give an uncertainty of 

time ≤ 0,001 %, which is negligible compared to the displacement uncertainty. [12] 

 

The accuracy of the anemometer for temperature measurement is ±0,8 ºC. [13] As 

mentioned in 7.4 Vortex flow meter the measured value error for the vortex meter is  

≤  ±1 % for gases.  

 

To achieve the flow rate 30 m
3
/h a vacuum cleaner fan was used. This means that the air 

goes through the motor and not past it as for the fan used for 19/20 m
3
/h. When the air 

passes through the motor the air will be heated up if the vacuum fan is run a long time. 

Then the measured room temperature and the dishwasher air temperature will differ up to 

about 4 ºC.  

 

The flat plates in the CFD model have been positioned according to measurements on the 

experimental test setup. Here a mismatch between the PIV and CFD results can occur 

when a velocity comparison is done for different line probes. Slightly moving the CFD 

line probe one or two mm might show a better comparison result. 

 

In total, it can be concluded that the measurements are accurate.
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11. Conclusion 

The position of the inlet has an influence on the measured flow between the 1
st
 and the 

2
nd

 plate closest to inlet. From the first preliminary CFD results it was also concluded that 

the positioning of the inlet influenced the results between the 1
st
 and 2

nd
 plate. The 

positioning of the inlet does not have a great influence of the flow in the tub in general 

but is important for the flow between the plates closest to the inlet. 

 

The first confrontation of CFD results and PIV results is promising. The agreement of the 

CFD results and the PIV measurements are better further down between the plates and 

not as good closer to the inlet, which has a more complicated geometry. This could be an 

affect of the turbulence model chosen or of the simplified dishwasher geometry used in 

the CFD modeling. Mismatch of the results can also be depending on where the velocity 

profile lines are chosen, because the definition of (x0, y0) for the PIV data sets can 

contain errors, as well as the placing of the plates in the CAD and CFD model. The 

improvement of the CFD model is not part of this master thesis work and will be done by 

Electrolux.  

 

The flow between the plates is going downward towards the bottom of the tub and this 

could be a Bernoulli effect. From the preliminary CFD results it is seen that the velocity 

coming out of the inlet flows along the bottom of the tub and the velocity is faster there 

than anywhere else in the tub. Bernoulli’s principle says that a high velocity means a 

lower pressure. Air is then dragged down between the plates because of the lower 

pressure at the bottom. The inlet was designed being higher than the front edge to prevent 

water leaking in. It was also designed to fit underneath the baskets and possible plates 

sticking down. The air opening had to be wide enough to prevent pressure drop in the 

system. The inlet was not designed thinking of receiving an evenly distributed flow in the 

dishwasher. 

 

Between the plates further away from the inlet in a full dish load the flow is laminar. This 

means there is no turbulence and for faster drying turbulence is preferable. The flow 

shows the same laminar behavior for different plate distances in the simple dish load.  

 

When the plate distance is increased from 10 mm to 20 mm, drying is theoretically 

improved. But increasing the distance to 30 mm does not improve drying much compared 

to 20 mm. 
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12. Future work 
The measurements in these PIV experiments were done at room temperature. Next step 

would be to couple the velocity measurements to the temperature effects in the 

dishwasher.  

 

The inside of the tub during a dishwasher cycle is humid and there is water on the dishes. 

A validation of how water and humidity affect the velocity fields in the dishwasher would 

be interesting to investigate.  

 

Over time the goal is to reduce time used to wash dishes and to decrease energy needed. 

One way to decrease the time used to dry dishes could be to evenly distribute the velocity 

in the dishwasher. The customers want all the dishes to be dry and not only for example 

the plates. It would be interesting to investigate how turbulence would affect the drying 

performance. 
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14. Abbreviations 
 

CFD  Computational Fluid Dynamics 

PIV  Particle Image Velocimetry 

DW  Dish Washer 

CAD  Computer Aided Design 


