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Abstract 
 
The world today has large challenges in order to manage a changing climate and 
the consequences that the climate change has on the environment and human living 
standards. This climate change is largely affected by the emissions of greenhouse 
gases, which come from usage of fossil fuels. This is a global problem that will 
affect the whole world and cause an increase of mean global temperature, which 
would lead to drastically changes in the living environment for human beings. A 
large part of the use of fossil fuels is connected to electric energy production. In 
EU almost half of the electric energy production is based on combustion of fossil 
fuels like natural gas and coal. These types of energy production need to be phased 
out and the energy consumption needs to decrease. 
 
With climate change as a background there is a development towards more 
sustainable households. Companies around the world today invest in developing 
products that are more environmentally friendly. Household appliance companies 
develop products that use less water and energy, and a company like ASKO 
appliances AB tries to equip their machines with a new type of drying system. This 
new system would mean that less energy is needed for the drying cycle and humid 
air would not flow out in the kitchen. 
 
The new drying system uses an air channel mounted on the side of a machine 
where moist hot air passes through the channel. During the passage the hot air will 
exchange heat with a cold surface inside of the channel. This work is focused on 
finding an optimal geometry of the air channel that enhances heat transfer between 
hot air and a cold surface. Installing obstacles inside of the duct could alter the flow 
pattern, and therefore enhance heat transfer. The work is mostly computer based 
with simulations performed in software called COMSOL Multiphysics. The 
software is used to build a 3-D model, where different geometries of obstacles are 
placed inside of the air channel.	Results from simulations are compared with results 
from experimental trials, thus validating the computer model. Fluid flow 
simulations are used to investigate the effects of heat transfer for different types of 
geometries and sizes of obstacles. Parameters like influence angle and obstacle 
distance are tested. 
 
The study shows results that obstacles inside of an air channel enhance heat 
transfer between a fluid and a surface. V-shaped obstacles perform the best results 
in order to enhance heat exchange, this compared with other tested geometries like 
W-shaped, wave-shaped obstacles and geometry without obstacles.  
 
Different influence angle and distance between obstacles affects heat transfer, the 
study indicates that influence angle has larger effects on heat transfer than obstacle 
distance.
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Nomenclature 
 
Description of used symbols and index terms 
 

Symbol Description Unit 
𝑣 Fluid flow rate m3/h 
T Temperature °C 
v Kinematic viscosity m2/s 

Re Reynolds number - 
u Velocity m/s 
A Area m2 
Dh Hydraulic diameter m2 
𝑚 Mass flow rate kg/s 
𝜌 Density m3/kg 
P Pressure Pa 
Q Heat transfer W 
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1 Introduction 
 
1.1 Background 
 
Today frequently questions are discussed about how humans can reduce their 
impact on the environment. For a long time it has been known that the way man 
lives affects the environment, from a local and global perspective. Man's way of 
living affects the environment with the use of raw materials. Here meaning 
products used for everyday life in the form of e.g. food, fuel and electricity. The 
consumption and production of these products involve release of a number of 
harmful substances. For environmental degradation, the main focus is mostly on 
gas emissions, especially greenhouse gases, including CO2, CH4 and NOX. 
Emissions of these gases arise, due to the use of fossil fuels and agriculture. Meat 
production and cultivation have a major impact in the form of releases in animal 
breeding and forest deforestation to release cropland. In order to reduce the 
environmental impact that human style of living contributes, a change in diet can 
contribute positively. For example one or more meals a week consist of near-
produced and vegetarian raw materials. According to research the meat industry is 
one of the largest contributors to greenhouse gas emissions, it accounts for almost 
15 % of the world’s total emissions. This is because the meat industry accounts for 
large emissions of CH4-methane gas, which is a strong contributing greenhouse gas 
(Engström 2014). Data from Statens energimyndighet (2017) shows that 28 % of 
the total energy supplies in Sweden by the year of 2015 comes from fossil fuels, 
which is the type of energy sources that enhances the greenhouse effect. These 
fuels emit greenhouse gases when consumed, and these gases are not part of a 
short-term cycle, which means that the consumption of the fuels will increase the 
concentration of greenhouse gas in the atmosphere. Furthermore, the choice of 
means of transport may affect when traveling by bicycle or traveling collectively 
has a lesser impact on the environment than if a car is used for transport. Today the 
electric energy usage in Sweden is mainly divided into three large areas and a small 
amount for the rest, the usage is showcased in Figure 1. 

	
Figure 1 Electric energy usage in Sweden. Picture: Olle Rosell, fall 2017 (inspired by 
Energimyndigheten, 2016) 
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According to Figure 1, the third largest electric consumption sector in Sweden is 
the households, which stands for 21 % of the consumption. The household and its 
energy use in the form of electricity can also make some changes, since the 
machines in the home use a lot of electricity. There is some potential energy to be 
saved if energy efficient appliances are installed. Here are those constantly used: 
refrigerators and freezers, and those used several times a week: washing machine 
and dishwasher. 
The work presented in this report has been done by collaboration between Karlstad 
University and ASKO Appliances AB. The focus of this work is to optimize the 
drying process in a dishwasher, reduce the need for air and energy and make the 
drying process more efficient. The company ASKO Appliances AB, later referred 
to as ASKO, has produced appliances of various kinds. It began with the year 
1950, the first washing machine was produced by a man named Karl-Erik 
Andersson. In the same year, workshops were opened in Jung. The company 
continued its production and, as the year progresses in 1967, the first dishwasher is 
manufactured. This year, the company also started exporting products. Over the 
years, more and more products are being added to the company's supply and 
several business deals are taking place as ASKO acquires other manufacturers to its 
group. Since 2010, the Slovenian company Gorenje group owns the company. In 
2013, all manufacturing of dishwashers, washing machines and tumble dryers were 
moved from Sweden to Gorenje's plants in Slovenia (Asko w.y.). 
A dishwashing cycle in a dishwasher is divided into 4 stages, pre-dish, dish, rinse 
and drying. Manufacturers have attempted to optimize these steps in a number of 
ways. The focus has been to minimize the water and energy consumption during a 
dishwashing cycle, and create a more efficient dish process. Furthermore, to create 
a dish process that consumes as little electricity as possible, the focus has been to 
try to create a more efficient heating of the water. This because of a large part of 
the energy consumption in a dish cycle is associated with heating of water, as it 
usually happens with direct acting electrical elements. The heating of water for dish 
and rinse accounts for between 80-90% of the total energy consumption in a dish 
cycle. Research has shown that energy consumption could decrease by 24% if the 
electrical elements were changed to a heat exchange system instead (Bengtsson et 
al. 2015). It is not only how energy efficient a dishwasher is that determines how 
good it is, aspects like water consumption, noise levels and drying are things that 
affect the judgment of a dishwasher. A European standard for the classification of 
dishwashers with the name EN 50242 is available. In the European standard, a 
specific dishwasher has been selected as a reference machine and the performance 
of new machines is tested against this machine. The standard sets a range of 
parameters to be agreed, for example, the ambient air temperature and relative 
humidity, the incoming water temperature. Furthermore, it is determined what 
should be in the machine during a dish cycle, which means the amount of dish and 
how dirty the dish is. The drying process of the dishwasher is judged within this 
standard as well, meaning that the amount of water drops left on the dish goods is 
taken into account (Stamminger w.y.). These are just a few parameters that are 
compared, and as a result, the machine is judged to be rated from A-G, where A is 
the best. In recent years, this rating has been extended with A +, A ++ and A +++, 
where the last one is the highest rating. 
As for the drying process in a dishwasher, as this work deepens, there are five 
different techniques. It is about static open, static closed, dynamically open, 
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dynamically closed and dynamically closed with adsorption (Bengtsson et al. 
2015).  

• A static open drying system acts as it opens the door of the machine when it 
is time for drying. When the door is open, drying occurs naturally through 
air movements due to natural convection, since the dishwasher is warmer 
than the surroundings, air movements are created to remove the moist air 
from the goods, thus drying the goods.  

• Statically closed drying occurs when the sides of the dishwasher are colder 
than the goods, because they are cooled down by the surroundings. The 
sides of the machine cool down the hot air and as the air is getting colder it 
is also dehumidifying and the water flows into a bottom well inside of the 
dishwasher. Here the drying occurs due to natural convection, as the air at 
the sides is colder than the remaining air in the storage space.  

• A dynamic open drying process uses a fan to eject moist air from the dish 
area to the surrounding area. Cold air from the environment is introduced 
into the storage space where the air in contact with the dishware is heated 
and moisturized, rising to the top of the space where a fan helps to eject the 
air out of the storage compartment.  

• A dynamically closed drying process works as cold air is applied to the 
dishwasher by a fan into the storage compartment at the bottom of the 
machine where it is then heated and moisturized, when the air rises to the 
top where it enters an air duct. This air duct is provided with a cold surface 
that the air meets and cools down, thus condensing water and the now dry 
and cold air is brought back into the compartment. 

• Another type of dynamic closed process is constructed in a similar manner 
to the previously mentioned, but instead of a cold surface, an adsorption 
agent is used, for example zeolite, which is a micro porous aluminosilicate 
mineral material. Furthermore, this channel is equipped with a heater to 
ensure that the air retains a high temperature throughout the drying process. 

ASKO appliances is interested in developing a dynamically closed drying system 
with an air duct, and that is the focus of this work. The investigation is about how 
the drying process in a dishwasher can be affected by directing the humid drying 
air from the dish area through a cooled air duct back into the dishwasher. In the 
cooled air duct, the humid drying air is condensed so that the water contained in the 
air is precipitated and the air is dry enough to be used as drying air again. 
Research is conducted in this area today with regard to heat transfer between air 
and another medium. Much of the research was carried out in the field focusing on 
heat transfer from a surface heated by the sun's incoming solar radiation into a fluid 
flowing adjacent to the surface. This type of heat transfer is used in solar collectors, 
where a hot surface heats a flowing fluid that is in contact with the surface. This 
research has evaluated how heat transfer is affected when different types of 
obstacles are installed in the air duct to interfere with air movements to maximize 
heat transfer. Various geometric shapes of obstacles and angles of fluid versus 
obstacles have been tested. It has been investigated for both laminar and turbulent 
flow. Alam et al. (2013) conducted a review about the use of turbulators in order to 
enhance heat transfer in air ducts, according to their article is a V-shape and W-
shape of the obstacles to be preferred in order to achieve an enhancement of the 
heat transfer. 
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The research is usually focused on large air ducts with a large flow area. An air 
duct obstacle usually has a height ratio somewhere around 0.1 to the height of the 
duct. This means that air can flow both at the sides and above the obstacle. This 
work will contribute research with focus on a narrow air duct with obstacles that 
have the same height as the duct and therefore there is no flow across the obstacles. 
Much of the research carried out has focused on different types of V-shapes and 
missed out on how other geometries affect heat transfer. This work will provide 
information on two other types of geometric shapes and compare the results with 
V-shape geometry. 
To complete the work, computer simulations will be performed using the 
COMSOL Multiphysics software and prototype laboratory tests will be performed 
to validate computer models. Computer simulations that will be implemented will 
be of a common simulation type called Computational Fluid Dynamics (CFD). 
This simulation model is good in terms of time and cost effectiveness. Another 
advantage of this type of working method is that simulations can be done at an 
early stage to investigate whether a particular solution is good before it is 
implemented and production is started. 
 
 
1.2 Purpose and goal 
 
The work is carried out with the purpose of investigating how the drying process in 
a dishwasher can increase its energy efficiency by recirculating drying air. The 
drying air is intended to have a decrease of temperature between inlet and outlet of 
the air duct due to its flow over a cold surface. Through computer simulations over 
the air duct, various different types of air ducts will be tested for the purpose of 
increased air movement, which causes the hot air to meet the cold surface to a 
greater extent. The aim of the work is to: 

• Find the geometry that allows the drying air to meet the cold surface in the 
most favourable manner for enhancing heat transfer between fluid and 
surface. 

• Find out what influence angle and distance between obstacles that presents 
the best performance of heat transfer. 

• Build a prototype model that can be tested in the laboratory and used to 
validate computer models. 
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2 Earlier studies of heat transfer enhancement with 
obstacles 

 
In the last decades there has been extensive research on the subject of heat transfer 
between a flowing fluid and a surface with a different temperature inside of a fluid 
channel. The purpose is either to warm up or cool down the fluid that flows 
through the channel. A lot of the research has been done on solar air heaters, where 
air is flowing through an air duct that has one surface that is hot due to incoming 
solar radiation and the other side is thermally insulated. The hot surface is 
supposed to emit heat to the fluid flowing inside of the duct due to convective heat 
transfer. The research in this work is focused on how to enhance the heat transfer 
inside of a duct by installing obstacles inside of the channel that is affecting the 
flow and creates a more turbulent flow. By obstacles are meant solid figures 
mounted in the air duct for the purpose of influencing airflow through the duct. The 
turbulent flow causes the fluid to become more mixed and a larger proportion gets 
in contact with the hot or cold surface and thereby the heat transfer between the 
two mediums is enhanced. As a consequence of the insight that obstacles enhance 
the heat transfer, the shape of the obstacles becomes of interest. Extensive research 
of what shape is the best in order to enhance the heat transfer most without 
affecting the pressure drop inside of the channel largely, a large pressure drop 
means that the pump power is increased.  
This report presents a study on the subject of heat transfer between a flowing fluid 
and a surface with a temperature difference between the fluid and the surface. This 
fluid flow occurs inside of a fluid channel, the project encompasses both numerical 
and experimental methods. 
 
 
2.1 Numerical studies 
	
Earlier work on the mater indicates that an air duct with triangular/delta shaped 
obstacles has positive effects of the heat transfer between air and a surface 
(Kulkarni et al., 2015). According to their research, the heat transfer increases with 
the delta shaped obstacles compared to a smooth surface. The duct with the 
obstacles has a heat transfer that is 3.6 times higher than the smooth one. These 
simulations were conducted with a turbulent airflow with Reynolds number of 
6800 and the heat transfers from a surface to the flowing air. 
Numerical research has been conducted with focus on the spacing between the 
obstacles inserted in a solar air heater, and the purpose is to find out what is the 
optimal spacing between the obstacles in order to enhance the heat transfer while 
not achieving a large pressure drop. The research by Handoyo et al. (2016) 
indicates that the optimal spacing between obstacles is the same as the height of the 
obstacle, when shaped as deltas with an angle of 60°.  
A numerical study made at the University of Ontario on a solar air heater 
investigates the difference in thermal efficiency for an air channel with and without 
fins, and how the mass flow rate is affecting the thermal efficiency. The report 
concludes that inserting fins in the channel enhances the thermal efficiency and a 
higher mass flow rate also affects the efficiency in a positive manor (Kumar & 
Rosen 2011). 
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The influence of angled ribs with an inclination in the flow direction is investigated 
for a number of different degrees of inclination. The results of this numerical study 
indicate that an inclination of 60° or 120° is preferable since these give the best 
results regarding thermal performance, and the results of those two angles are 
similar. The numerical study was performed with Reynolds number within a range 
of 4000-24000 (Yongsiri et al. 2014).  
There has been a study on the effects of obstacles installed in air channels with 
laminar flow in the range of 200-2000. This study indicates that smaller obstacles 
enhance the heat transfer between a flowing fluid and the surface that the air flows 
over. The width/height ratio should preferably be 1, but this is just the case for 
obstacles with low height, approximately 1/8 height of the channel. The study 
indicates that for the same width and spacing a doubling of the height decreases the 
thermal performance of the setup. The study also indicates that a larger spacing 
between the obstacles enhance the thermal performance in the channel (Young & 
Vafai 1998).  
Research of how heat transfer in a micro channel is affected by the installation of 
obstacles has been conducted for Reynolds number between 600-1200, within the 
laminar flow range. The research shows that obstacles enhance heat transfer, 
particularly obstacles with the shape of triangles, compared to rectangles, circles 
and ellipses. The case where the triangular shape has the best heat transfer is 
regardless of the aspect or blockage ratio of the obstacles (Meis et al. w.y.). 
 
 
2.2 Experimental studies 
	
Work conducted by Karwa (2003) on a solar air heater duct indicates that a 
roughened surface with obstacles that has the shape of v’s enhance the heat transfer 
between the plate and the air. This research indicates that the V-shape should be 
divided so that air could flow between the obstacles, also the research concluded 
that a V-shape obstacle with sharp edge downstream is to prefer in front of a V-
shape with the sharp edge upstream. 
An experimental study conducted by Bekele et al. (2013) has tested the effects of 
obstacles in a solar air heater rectangular shaped air duct and the results indicate 
that the size of the obstacles and the distance between the same are of interest. In 
order to evaluate the thermal performance of the air duct the heat transfer from 
plate to air and the pressure drop inside of the duct is taken into account. A design 
with obstacles with a relative obstacle height compared to the duct height of 0.5 is 
to be preferred, and also a distance between the obstacles compared to the height of 
the obstacles of 1.5 is to be preferred. Using these values a thermal performance 
factor can be determined, and this one is 2.14. Their experimental studies have 
been conducted with Reynolds numbers in the range of 3600-24000, meaning there 
is turbulent flow inside of the air duct. 
An experimental study performed on a solar air heater in Turkey has tested the 
thermal efficiency of 4 different types of air channels, one without obstacles and 
three others with different kinds of obstacles. The results of these tests indicate that 
a triangular shaped obstacle is the most effective one in order to enhance the heat 
transfer between a surface and the air flow that meets the surface. These tests also 
indicate that the efficiency is enhanced by an increase of the mass flow rate (Esen 
2008).  
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3 System description, assumptions and limitations 
 
3.1 System description 
	
3.1.1 Heat pump system and water tank 
	
The system is based on a dishwasher that is equipped with a heat pump that 
circulates a refrigerant in a closed system. The first step is that the refrigerant 
passes an evaporator where the refrigerant is heated by warm water in a water tank. 
The water in the tank cools down and eventually freezes. The steam goes from the 
evaporator to a compressor where the pressure and temperature rises and is then 
sent to a helix shaped condenser pipe that is placed in the bottom well of the 
dishwasher. The refrigerant releases heat to water used in the dish process during 
constant pressure and temperature, so there is a phase change from steam to liquid 
of the refrigerant. When the refrigerant has condensed it passes through a capillary 
tube where the pressure and temperature of the refrigerant is significantly reduced 
before the refrigerant is sent back to the evaporator and ends the cycle.  
The part of the dish process that this work is to investigate is about the water tank 
and how the cooling medium inside of it could be used as a step in the drying 
process. The idea is to let the humid drying air that is in the machine go up in to an 
air channel in the top of the machine where it is led down by the side of the 
machine where it meets the cold water tank. The humid air passes the water tank 
through an air channel that is situated between the water tank and the outer walls of 
the machine. When the warm air passes by the cold surface the air gets cooled 
down and water condenses out and falls to the bottom of the air channel where it is 
lead to the bottom well of the machine and out from it, the air is cooled down and 
recirculates back in to the machine where it is supposed to dry the dish goods. The 
frozen water tank gets heated up and goes through a phase change where ice 
becomes water again and the machine is ready to start a new cycle. A dishwasher 
with the water tank is presented in Figure 2. 
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Figure 2 A dishwasher with a water tank. Picture: Olle Rosell, fall 2017 (inspired by Edin, 
O. 2017) 

In Figure 2, the yellow part on the side of the dishwasher is the water tank where 
the water freezes to ice, and inside of this is where the air channel where the hot 
and moist air is supposed to be cooled by the inner side of the water tank. A 
schematic picture of how the drying process works is presented in Figure 3. 
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Figure 3 A sketch of the drying process. Picture: Olle Rosell, fall 2017 (inspired by Edin, O. 
2017) 

Figure 3 presents how the drying air goes in a cycle through the machine. The red 
arrows indicate that the air is warm in that part of the process and the blue ones 
indicate that the air is cooled in that part. 
 
 
3.1.2 Air duct 
 
The air duct is placed on the side of the dishwasher connected with the cold-water 
tank, the other sides of the air channel might be isolated. The amount of space for 
the air duct is assumed to be limited due to the size of the washing machine and the 
limited space inside of kitchens. The dimensions for the prototype model and the 
simulation models are (h*w*d) 430*410*4 [mm]. 
During the simulations the cold surface and the water tank are assumed to be of a 
plastic material, for simulations and experiments the material is specified as 
Polypropylene. The other surfaces of the air channel are also assumed to be of 
other types of polymeric material with as low heat transfer capability as possible. A 
drawing of a prototype air duct is presented in Figure 4. 
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Figure 4 Prototype model of the air duct. Picture: Olle Rosell, fall 2017 

The prototype that is to be investigated, presented in Figure 4, is designed as a 
rectangular box where air enters at the top, marked with green colour, and flows 
through it and exits at the bottom. The rectangular box is equipped with an air 
channel and a cooling medium tank. The tank is filled with a cooling medium in 
order to cool down one of the sides inside of the air channel. During experiments 
the tank is open at the top, marked with red colour, in order to easily fill the tank 
with e.g. cold water or ice. 
 
 
3.2 Assumptions and limitations 
 
For the simulations the airflow is assumed to be regular air without any given 
moisture content, this due to difficulties in performing experiments with moist air 
and to recirculate the same air. So the investigations concern the temperature drop, 
the heat transfer between cold surface and air and the pressure drop from the inlet 
of the duct to the outlet. Meaning the research says nothing about how the model is 
affected by moisture content inside of the air channel. For the design proposal of 
W-shaped obstacles is it likely that water is accumulated at the top of the obstacle 
between the two upper sharp edges, this due to the fact that water has to pass over 
the edges since that is the only open way for water to continue its flow downwards 
the air channel. 
The assumptions in simulations are as follows: 

• The simulations are performed as a stationary solution, in order to save 
computer power and time. This means that the results indicate how well a 
design performs for a certain temperature and not over time.  

• The simulations assume that the inlet temperature for air is the same during 
the complete drying cycle.  

• The simulations assume that the pressure at outlet of the air duct is the same 
as atmospheric pressure, but in a real case there could be an up built 
pressure inside of the machine during the drying process. 
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• For the simulations, the cold surface is assumed to have the same 
temperature for the whole cycle, like the case with the inlet temperature, 
meaning that this is not affected by the fact that the ice in the water tank 
melts and that the temperature in the tank rises.  

• The heat transfer in the air duct is assumed to be limited to convection. The 
cold surface is assumed to be completely dry during simulations.  

• The walls of the air duct is assumed to be completely isolated with no heat 
transfer to the surroundings, while in reality the frozen water tank likely 
will cool its immediate surroundings.  

The assumptions in experiments are as follows: 
• The experimental system is assumed to be completely closed without any 

leakage, while in reality there is likely some leakage where the upper part is 
mounted with tape to the lower part. Warm air could leak at this transition 
between the two parts of the prototype. 

• The experiments is conducted with a temperature that varies less than 
0,5 °𝐶!

! , so no concern is taken to the total heat energy that is stored in the 
walls and the dish goods inside of the dish cabinet. It is assumed to be the 
same amount of heat energy in the drying air during the complete drying 
cycle. 

• The temperature of the cold surface is measured with a sensor mounted at 
the bottom of the air duct and is assumed to be isolated by foam rubber 
placed over it to avoid it from being affected by the hot air. The cold 
surface temperature is assumed to be even over the whole surface. 
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4 Method 
 
The purpose of the project is to investigate how the flow of a fluid through an air 
duct could be affected by the design of the air duct. The main target is to affect the 
fluid flow in order to enhance heat transfer between the hot fluid and a cold surface 
inside of the air duct. For the investigation of how the air duct performs, both 
experiments in a laboratory and computer simulations are conducted. The 
experiments are meant to be used as a validation tool for the computer simulations. 
The project is mostly performed with computer simulations using the software 
COMSOL Multiphysics. All simulations are performed with hot air that flows from 
the top of the duct and out at the bottom. The simulations are being conducted as a 
single-phase laminar flow, the Reynolds number for the investigations has been 
calculated by using equation 1-3 and is in the range of 250-450. The simulations 
are performed as a steady state simulation meaning there is no time dependence. 
The physical state of the hot air is summarized in Table 1, the flow rate and inlet 
temperature is numbers provided by ASKO and the kinematic viscosity is tabulated 
for the inlet temperature (Cengel & Ghajar 2015, p. 926). 
Table 1 Physical characteristics of the humid air. 

Physical constant Value 
Fluid flow rate 8-12 [m3/h] 
Inlet temperature ≈50 [°C] 
Kinematic viscosity 1.798*10-5 [m2/s] 
In order to determine whether or not the fluid flow is laminar or turbulent Equation 
1 is used: 
𝑅𝑒 = !!"#∗!!

!
     (1) 

In Equation (1), uavg is the average velocity of the fluid flow, Dh the hydraulic 
diameter of the duct entrance and v the kinematic viscosity of the fluid. In order to 
calculate the average velocity of the fluid, Equation (2) is used: 
𝑢!"# =

!
!∗!!

= !
!!

    (2) 
Equation (2) uses the fluid volume flow rate, 𝑣, divided by the inlet area, Ac, of the 
air duct. The volume flow rate is given from ASKO and replaces 𝑚 and 𝜌, which is 
the massflow rate and density of the fluid.  
The air duct inlet is shaped as a rectangular duct. The hydraulic diameter of the air 
duct inlet is calculated according to Equation 3: 
𝐷! =

!!"
!!!

     (3) 
The sides of the inlet of the air duct is named a and b in Equation 3, the short side 
of the inlet is named a and the long side is named b (Cengel & Cimbala 2010, p. 
339-340).  
 
 
4.1 CFD-Computational Fluid Dynamics 
 
All the simulations are being performed by using a simulation method called 
Computational Fluid Dynamics, this is a commonly used method in engineering 
that is used for simulations of fluid flow pattern and heat transfer in constructions. 
CFD-analysis is becoming more important with the global warming becoming a 
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larger problem, and engineers in power-generation industries use this as a tool to 
reduce costs for development and retrofitting.  
CFD-analysis is a tool based on fluid mechanics, mathematics and computer 
science. It focuses on fluids in motion and how these flow patterns behave and 
influence processes including heat transfer and possibly chemical reactions. The 
fluid flow pattern could usually be described by mathematical equations, often in 
partial differential form, and these equations are called governing equations since 
they govern a process of interest. The computer part simply means that computer 
scientists use high-level programming languages in order to convert the equations 
in to computer programs or software packages. The computational part means 
studying the fluid flow using numerical simulations and finally ending up with a 
numerical solution. CFD is a good tool for education in higher institutions to give a 
wider understanding to students how fluid mechanics and thermal science behaves 
through visualizations. User-friendly CFD software packages help students to build 
their own environments to study how fluid flow behaves and also give teachers the 
ability to show examples for the students of real cases.  
There are several advantages of using CFD-analysis. Firstly, it provides a way to 
study the governing equations of a fluid flow in a detailed manor, making it 
possible to go into detail of the equations. Secondly, CFD provides a cost and time 
effective way to study fluid flows in constructions. This is certainly the case 
compared with experimental studies. CFD could substantially reduce lead times 
and costs compared to an experimental approach, and it provides the ability to 
solve difficult flow problems where the analytical approach is lacking. These 
advantages are possible due to the development of performance power of computer 
hardware and a declining cost of these products. Thirdly, CFD makes it possible to 
simulate cases that could not be tested experimentally, either because of the size of 
the case or due to its character, for instance that it could be about a nuclear 
accident. Another advantage of CFD is that it could provide a detailed visualization 
and comprehensive information of a case compared to experimental and analytical 
studies of fluid dynamics (Jiyuan et al. 2013).  
 
 
4.2 FEM-Finite Element Method 
 
The Finite Element Method is a method that COMSOL Multiphysics uses to divide 
the structure to be treated in to smaller parts of often-simple geometries, which 
helps the program to solve the problem. The program uses a numerical solution to 
solve partial differential equations approximately through interpolation and 
function minimization (Nilsson 2016). FEM solves problems in a numerical manner, 
it seeks an approximate solution to a distribution of field variables in a domain 
where an analytical solution often is difficult to obtain (Liu 2003). In order to solve 
the problem all the small parts, here called elements, have one or several governing 
equations for e.g. heat transfer, momentum and mass transfer. These elements form 
something called a mesh, where every element is connected, the corners of the 
elements is called nodes. 
Mainly two ways of solving the problem are used, either it is a direct solution or an 
iterative solution. An iterative solution approaches a solution in steps, meaning that 
it updates the values of some parameters and then uses the updated values to find a 
better solution to the problem. This procedure continues until the difference 
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between the new solution and the last one reaches a predefined value, called 
“error”, this is when convergence occurs and the program presents a solution. A 
direct solution finds a solution in one step, with the difference that this solution is a 
more solid solution that is not that sensitive to bad defined boundary conditions but 
it needs more RAM-memory of the computer and takes more time to find a 
solution. COMSOL could test whether or not a direct solution meets the 
convergence criteria, which is not a common procedure in a direct solution but is 
something that is used in an iterative solution. For larger problems the program 
could divide the solution into several stages, called segregated solution, where it 
solves different parameters. The program could solve e.g. temperature and pressure 
in an iterative way and velocity with a direct solution. 
 
 
4.3 Governing Equations and boundary conditions: 
	
The	governing	equations	for	the	laminar	fluid	flow	are	Equation	4	and	5.	
𝜌 𝑢 ∗ ∇ 𝑢 = ∇ ∗ −𝑝𝑙 + 𝜇(∇𝑢 + ∇𝑢 ! + 𝐹  (4) 
𝜌∇ ∗ (𝑢) = 0     (5) 
Equation 4 represents the momentum of the laminar flow, Equation 5 is the 
continuity equation in the fluid flow.  
Governing equations for heat transfer inside of the system is presented with 
Equation 6 and 7. 
𝜌𝐶!𝑢 ∗ ∇𝑇 + ∇ ∗ 𝑞 = 𝑄 + 𝑄! ∗ 𝑄!"   (6) 
𝑞 = −𝑘∇𝑇     (7) 
Equation 6 is used to calculate the energy transfer inside of the system, Equation 7 
is used to calculate variable q in Equation 7.  
Equations 4,5,6 and 7 all include ∇ which is a gradient and could be expressed as 
∇= !"

!"
+ !"

!"
+ !"

!"
 where f is an arbitrary variable that could be e.g. velocity or 

temperature. The variable u in the equations is a velocity vector. 
The inlet of the air duct has a set boundary condition that is the inlet temperature 
for the heat transfer and the velocity of the fluid. The outlet has a boundary 
condition that says –𝑛 ∗ 𝑞 = 0 , which means that there is no temperature 
difference over this boundary. The outlet also has a boundary condition that says 
that the pressure at outlet is the same as atmospheric pressure. The walls of the air 
duct is said to be thermally insulated, meaning no heat transfers through the walls, 
except for the cold surface that gets heat from the flowing fluid. The condition of 
no-slip applies for the walls of the channel in the flow domain. 
 
 
4.4 Laboratory experiments: 
 
In order to validate the simulation model is 5 different designs tested 
experimentally for both 8 m3/h and 12 m3/h.. A prototype model of the air duct is 
built, it is made in a 3-D printer and the prototype model is provided by ASKO. 
The air duct size is the same as the simulation cases, (h*w*d) 430*410*4 mm. The 
prototype model is equipped with a storage compartment where ice could be placed 
that should represent the cold medium that will be used in a dishwasher to cool 
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down the cold surface. The storage for ice is (h*w*d) 445*407*36. The ice used 
for the experiments is crushed in irregular pieces where the sides are approximately 
between 0-10 mm and the temperature of the ice is 0.5 °C. The experiments is 
conducted in a laboratory with a fan blowing air through a pipe, on the way 
through the pipe does the air pas a air heater where it is meant to be heated to as 
close to 50 °C as possible. The fluid flow rate of the air is adjusted to meet the 
given ones of 8 m3/h and 12 m3/h. One drying cycle is set to be 75 minutes, so 
during a 75 minutes period the temperature of the air at the inlet and outlet is 
measured with a frequency of 10 seconds between the measurements, also the 
temperature of the cold surface is measured with the same frequency. 
In order to establish the right fluid flow rate a pitot tube is used to measure the 
pressure in the pipe. According to Equation 8 the velocity of the air inside of the 
tube is calculated: 

𝑢 = !∗∆!
!

     (8) 

In Equation 8 ∆𝑃 means the difference in pressure between the pressure inside of 
the pipe and the atmospheric pressure outside, this difference is measured with a U-
tube connected to the pitot tube. The density of the fluid is used in Equation 8, 
where it represents 𝜌. When the velocity inside of the pipe is established then 
according to Equation 9 the fluid flow rate is: 
𝑣 = 𝑢 ∗ 𝐴     (9) 
In Equation 9 the letter A represents the cross sectional area inside of the pipe. All 
the experiments are conducted with air from the room with uncertain moisture 
content. The experimental equipment is arranged as shown in Figure 5. 
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Figure 5 The arrangement of the experiments. Picture: Olle Rosell, fall 2017 

The air flows through the smaller pipe in Figure 5 and passes a nozzle, where the 
velocity of the flow rate is increased. The red circle in Figure 5 marks the spot 
where the pressure difference between the pipe and the atmosphere is measured, 
using a pitot tube, and then used in Equation 8 as ∆𝑃. The temperature of the air is 
measured just before the air enters the nozzle to the white pipe.  
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Figure 6 Prototype model tested in laboratory with basic settings of 8 mm pins. Picture: 
Olle Rosell, fall 2017 

The prototype model that is tested in the laboratory is presented in Figure 6. In 
Figure 6, the air is entering the air duct at the top and going through a straight 
channel where the flow reaches a state of fully developed laminar flow before it 
enters the air channel where it has contact with the cold surface. In Figure 6, the 
round blue pins serves with the purpose of preventing the outside of the channel to 
bend inwards when the material is heated by the warm air that flows through the 
channel, these stabilizes the air channel to prevent volume expansion/reduction due 
to thermal expansion of the material of the air duct. The blue pins have a diameter 
of 8 mm and are placed with 10 cm from centre to centre. The design with the pins 
presented in Figure 6 represents the base model that is regarded to have no obstacles 
altering the fluid flow. In the bottom of the air duct, there is a grey rectangular 
piece of tape that fixates a temperature sensor to measure the temperature of the 
cold surface, the temperature sensor is insulated with a piece of foam rubber on top 
to prevent it from getting heated by the warm air flow. The Plexiglas that is 
mounted on the front of the air duct is fixated with screws to make sure that 
alterations of the obstacles inside of the air channel are possible. The obstacles is 
fixed with double-sided tape, which makes is easy to remove and attach them at 
other places inside of the channel in order to conduct tests on a different design 
setting. The tests conducted in the laboratory were performed with 10 different 
states, another of the tested designs is presented in Figure	7. 
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Figure	7	Prototype	with	16	V-shaped	obstacles.	Picture:	Olle	Rosell,	fall	2017 

The V-shaped obstacle that is mounted inside of the air channel in Figure	7 has a 
distance of 8 cm apart from the sharp upper edge both sideways and downwards 
the flow direction. The obstacles have been printed in a 3-D printer and fill the 
purpose of altering the fluid flow and preventing the Plexiglas front from curving 
in and reducing the space of the air channel. The same obstacles were used for 2 
different design tests, the other design is similar to the one presented in Figure 13 
with the difference that the design in Figure 13 has 14 obstacles that is larger. Both 
design sets are tested for a fluid flow rate of 8 m3/h and 12 m3/h. A third set of 
obstacles is tested, which is shown in Figure 8. 
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Figure 8 Design with 9 larger V-shaped obstacles. Picture: Olle Rosell, fall 2017 

The obstacles in Figure 8 are fewer and larger than the ones that are placed inside of 
the duct in Figure	 7. The total surface area of the obstacles is the same. The 
obstacles in Figure 8 are mounted with 10 cm apart measured from the upper sharp 
edge both sideways and downwards in the air channel. Design alterations likewise 
the one presented in Figure 13 is done for the obstacles in Figure 8 as well as for the 
ones in Figure	7. 
For all of the experimental tests, a mean value for the inlet-, outlet- and surface 
temperature is calculated and later used in the computer simulations for each case. 
For the other simulations which are not tested in the laboratory these values are 
calculated as a mean value of all the experimental values and used for the rest of 
the simulations, meaning there is a specific inlet-, outlet-, and surface temperature 
for the simulations for both the simulated volume flow rates. 
In order to study how the obstacles affect the temperature inside of the air channel, 
a thermal camera is used. Experiments with the thermal camera are performed on 
the basic model and for the design presented in Figure 8, for a fluid flow rate of 8 
m3/h and 12 m3/h. The pictures from the thermal camera could indicate whether 
there are any cold zones in the air duct and also show suspected leakage in the air 
duct. 
In order to see whether or not there is any leakage in the experimental setup, smoke 
was blown in at the inlet of the air pipe that transports air from the fan and in to the 
air duct. When the air with smoke flowed through the pipe the smoke could leak 
out of the system if there were any problems with leakage. 
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The inlet temperature of the air during the experiments varies, and for every series 
of temperature values is a mean value calculated, this mean value is used for the 
corresponding simulation case that should be used for the validations. In the same 
way, a mean value of the temperature of the cold surface is fixed. The experiments 
rendered a mean value for the inlet temperature and cold surface temperature for 
the 10 different states tested in the laboratory. These 10 different mean values for 
the inlet temperature and cold surface temperature were added together and a mean 
value for these ones was calculated. Meaning the 5 different temperature values for 
experiments with a fluid flow rate of 8 m3/h were added and a mean value of these 
were conducted, this value was later the one that was used for the rest of the 
simulations with the same flow rate. In the same way, the mean values of the cold 
surface and inlet temperature were established for the other flow rate of 12 m3/h 
and used for the simulations. 
The temperatures that are used to establish these mean temperatures are presented 
in Appendix 1. 
 
 
4.5 Mesh independent study 
 
For the simulations, a mesh dependence test is performed. Depending on how fine 
the mesh is, the more accurate the solution will be, the more elements the more 
accurate solution. A higher amount of elements means that the solution time rises 
and also the requirements of the RAM-memory of the computer is higher, meaning 
that a compromise is necessary for deciding on how accurate solution is needed. 
For the mesh dependence test, the basic model is used with a volume flow rate of 8 
m3/h. The mesh tested is built in as default qualities in the software. The qualities 
tested are coarser, coarse, normal, fine and finer. The mesh for inlet is shown in 
Figure 9. 

	
Figure 9 Three different qualities of mesh: coarser, normal & finer. Picture: Olle Rosell, fall 
2017 

In Figure 9, there are three different qualities of mesh. The picture is zoomed in at 
the inlet of the air duct. The qualities shown in the picture are: coarser, normal and 
finer, going in order from the top to bottom with the finer quality at the bottom. 
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The number of elements increases substantially when increasing the quality of the 
mesh, which could be studied in Figure 9. 
The results of the mesh independence study are presented in Table 2. 
Table 2 Mesh dependent study results. 

Fluid flow rate 8 [m3/h] 

Model type: Heat transfer [W] Solving time # of elements 
Difference in h.t. 
[%] 

V-4*4, normal 59.1 11 min 5 s 540243 0.2 
V-4*4, coarse 60.0 6 min 24 s 313307 1.7 
V-4*4, coarser 61.7 3 min 1 s 90553 4.4 
V-4*4, fine 60.2 32 min 2 s 1878049 2.0 
V-4*4, finer 59.0 1 hr 20 min 21 s 7883867 - 

The results of the mesh independent study compare the difference in heat transfer 
for a quality of mesh with the mesh quality named finer. According to the results in 
Table 2, the quality of the mesh is not of greater importance, since the normal 
quality of the mesh renders in a result that is just 0.2 % higher than the one with the 
finer mesh. So when deciding on what quality of mesh that is necessary for the 
simulations, a mesh quality called “normal” in COMSOL is giving results that are 
very accurate and the solution time of that simulation is much faster, almost 70 
minutes. In order to decide on the importance of the mesh, it is a good idea to 
consider how accurate the simulations has to be if it is accurate enough with a less 
detailed mesh in order to perform simulations in a less time consuming manor. The 
same tests have also been done for the higher flow rate, and the results of these 
tests are presented in Table 3. 
Table 3 Tests of mesh dependency results with a flow rate of 12 m3/h 

Fluid flow rate 12 [m3/h] 

Model type: Heat transfer [W] Solving time # of elements 
Difference in 
h.t. [%] 

V-4*4, normal 68.8 11 min 4 s 540243 -0.6 
V-4*4, coarse 70.4 7 min 13 s 313307 1.7 
V-4*4, coarser 74.5 3 min 5 s 90553 7.1 
V-4*4, fine 71.1 33 min 3 s 1878049 2.7 
V-4*4, finer 69.2 2 hr 4 min 17 s 7883867 - 

The results of mesh independent study with the higher flow rate that is presented in 
Table 3 follow the same pattern as the results for the lower flow rate of 8 m3/h that 
are presented in Table 2. Both test series have the same results, that a “normal” 
mesh is the type that performs most similar results as the “finer” mesh, and the 
other qualities is placed in the same order. This indicates that a “normal” quality of 
mesh could clearly be well enough if the accuracy is not of absolute precision and 
that time is a factor of importance. The “normal” quality performs in this case just 
0.6 % less heat transfer than the simulations with the “finer” mesh quality. If the 
simulations has to present a result that is more precise than the ones presented in 
these test, there is a possibility to choose higher qualities of mesh with more 
elements, however the computer used for these simulations could not perform 
simulations with a higher quality of mesh, because it ran out of memory, so a more 
powerful computer would in that case be necessary. 
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4.6 Simulation cases: 
 
The first simulated design of the air duct is a flat surface with dimensions (h*w*d) 
430*410*4 [mm], where one of the large surfaces is working as a cold surface and 
the other sides of the channel is thermally insulated. Inside of the duct there is 9 
pins with a distance of 10 cm from centre to centre and a diameter of 8 mm. These 
are used in order to stabilize the air duct to prevent that the shape of the duct is 
altered as a result of thermal expansion of the material when the hot fluid flows 
through the duct. The design of the basic model is shown in Figure 10. 

	
Figure 10 Design of the basic model. Picture: Olle Rosell, fall 2017 

All simulations are performed with an air duct with the same dimensions as in the 
first case, which is presented in Figure 10. The difference is the design of the 
obstacles that are placed inside of the duct in order to alter the fluid flow to 
enhance the heat transfer between the fluid and the cold surface. All simulation 
cases have in common that the total area of the obstacles is the same, what is 
altered is the amount of obstacles, the design of the obstacles and the angle of the 
obstacles. The obstacles are formed either as inverted v’s or w’s, where the fluid 
flow meets the sharp edge of the obstacle, or waves. An example of a design with 
inverted v is presented in Figure 11. 
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Figure 11 Air duct with V-shaped obstacles. Picture: Olle Rosell, fall 2017 

The design proposal with a w-shaped obstacle is presented in Figure 12. 

	
Figure 12 Air duct with W-shaped obstacles. Picture: Olle Rosell, fall 2017 

The different design proposals are tested with varied fluid flow rate and the size of 
the obstacles are altered, but with the same total area. The v- and w-shaped 
obstacle designs have been tested with obstacles in rows with the same number of 
obstacles per row or either rows with different amount of obstacles. A design with 
altered amount of obstacles per row is shown in Figure 13. 
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Figure 13 V-shaped obstacles with altered amount of obstacles per row. Picture: Olle 
Rosell, fall 2017 

The alteration of the size and amount of obstacles and how less obstacles means 
larger obstacles could be studied in Figure 14. 

	
Figure 14 Design proposal with fewer and larger obstacles. Picture: Olle Rosell, fall 2017 

A design with an obstacle shaped as a wave function has also been tested, this 
design is presented in Figure 15. 

	
Figure 15 Air duct with wave shaped obstacles. Picture: Olle Rosell, fall 2017 
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The design with wave shaped obstacles have been tested with 2 or 3 obstacles with 
altered amplitude of the wave, the design with 2 waves has higher amplitude 
compared to the one with 3 wave shaped obstacles. A 3-wave obstacle design is 
showed in Figure 16. 

	
Figure 16 3-wave shaped obstacle design. Picture: Olle Rosell, fall 2017 

The thickness and height of the v- and w-shaped obstacles are the same, the width 
has been varied in order to alternate the size of the obstacles. This means that the 
total obstacle area in the fluid flow direction is the same. The area of the wave 
shaped obstacles is the same as the other obstacle designs, in order to be able to 
compare the results of the simulations of different designs. 
In order to decide which design option has the best performance, a few parameters 
are of importance. These parameters are the difference between inlet and outlet 
temperature, ΔT, the difference in pressure between inlet and outlet, ΔP, and the 
total heat transfer inside of the air duct, Q. The computer software gives the results 
of these parameters. Pictures of how the temperature varies inside of the air duct is 
given from the program and these are used to see how the obstacles affect the 
movements of the fluid and how the obstacles could be arranged to enhance the 
heat transfer.  
 
 
4.7 Angular dependence test 
 
The importance of the angle of the V-shaped obstacles was tested, the angle was 
altered for both flow rates and in the range between 30-70°. For the tests of the 
angular dependence, the design with 16 V-shaped obstacles in 4 rows and 4 
columns is altered. Earlier studies have given the result that an angle of incidence 
somewhere in the region of 60° is the best one, but simulations have been 
performed on every tenth degree in the range.  
 
 
4.8 Distance between obstacles 
 
The distance in the flow direction between the obstacles have been tested, in order 
to see whether it is preferable to place the obstacles closely to each other or with a 
larger distance. The design with 16 V-shaped obstacles in 4 rows with 4 columns is 
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used for the tests. The tested distance is the standard one of 8 cm and then it is 
narrowed down to 6 cm and 4 cm and stretched out to 10 cm. 
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5 Results and discussion 
 
5.1 Validation of simulation model 
 
In order to validate the simulation model was 5 different designs of an air duct 
tested experimentally and the results of these compared to the corresponding 
simulation results is presented in Table 4. 
Table 4 The differences between simulations and experiments. 

Fluid flow rate 8 [m3/h] 
Modeltype: ΔT Simulations [°C] ΔT Experiments [°C] Diff.exp. [%] 
Basic model 23.4 23.7 -1.3 
V-3*3 24.1 23.6 2.1 
V-4*4 24.9 24.2 2.9 
V-2*4+2*4 23.3 25.3 -7.9 
V-2*3+3 25.1 24.9 0.8 
 
The experimental results that are used for validation of the simulation model 
indicate that the simulation settings is quite good since 4 of the 5 simulated cases, 
presented in Table 4, showed results that differ with less than 3 %. So the 
simulation model gave almost the same results as the experimental one, and this 
could indicate that the results of the simulations are rather accurate to what is to 
expect in a real case air duct with the same design. The interesting thing is that the 
experiments do indicate that some of the design proposals are performing quite 
much better than the results from the simulations, especially the design with 16 V-
shaped obstacles that is quite similar as the one presented in Figure 13. The design 
with 4 obstacles in 4 rows with a zigzag shape of the columns differs 2 °C, with a 
better result from the experiments, meaning that this design might be a good fit 
since it performs best of all the design proposals.	 The god experimental result 
could be the result of leakage at the entrance to the air duct, which leads to a lower 
airflow through the duct than what is intentional to be tested. This means that the 
air has a longer residence time in the duct and the heat exchange with the cold 
surface becomes larger.  
The experiments were conducted with the higher fluid flow rate, a comparison of 
the results between the simulations and experiments are presented in Table 5. 
Table 5 Simulation and experimental study of a 12 m3/h fluid flow rate compared. 

Fluid flow rate 12 [m3/h] 
Model type: ΔT Simulations [°C] ΔT Experiments [°C] Diff.exp. [%] 
Basic model 18.1 20.4 -11.3 
V-3*3 19.6 19.4 1.0 
V-4*4 20.1 20.1 0 
V-2*4+2*4 19.4 21.4 -9.3 
V-2*3+3 21.4 20.9 2.4 

The difference between simulations and experiments is clearer when comparing the 
results for the tests with a flow rate of 12 m3/h that is gathered in Table 5. The 
validation results seem to be quite accurate for 3 of 5 cases, with less than 2.5 % 
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difference. However the other 2 cases differ with more than 9 %. For both 
simulation cases of fluid flow a zigzag shape with larger obstacles is preferable, 
and the results are quite similar for the experiments. However, the experiments 
indicate that a design with more but smaller obstacles in a zigzag shape is the best, 
since this design has the best performance in the lab. The results of simulations 
compared to experiments for the zigzag shape with smaller obstacles does differ 
quite a lot, and this could be due to leakage in the experimental model. This could 
be a logical explanation since the results differ with 7,9 % and 9.3 % respectively 
for the low and high flow rate. The reason for a higher ΔT in experiments is that 
with leakage means a lower flow rate through the channel and therefore does the 
flowing air has a longer residence time inside of the air channel. This means that 
air inside of the channel has more time to get in contact with the cold surface. 
Leakage seems to be the case with 16 V-shaped obstacles in zigzag shape and it 
reveals itself as a systematically error. For the basic model could something have 
happened to the air duct when changing ice between the experiments with low and 
high flow rate, and this lead to leakage, this since the results with low flow rate 
differ with just above 1 % while the results with high flow rate differ with more 
than 11 %. 
The small difference between experimental and simulation results could be 
explained with measurement errors during the experiments, the temperature sensors 
might not been calibrated for a long time. 
Theory says that more and smaller obstacles are better in order to enhance heat 
transfer, which the experimental results also indicate. A zigzag shape of obstacles 
is according to earlier studies the best option, which the experiments and 
simulations also indicate.  
It should be remembered that there are several assumptions for the experimental 
studies, e.g. that there is no leakage, which in fact there is, which was clearly seen 
when a test of blowing in smoke inside of the pipe was conducted. This test 
showed several places where air leaks out of the pipe and therefore the right 
volume flow does not pass through the air duct and the results is a bit of from 
reality. The leakage factor is however not of that big importance for the 
comparison of the different experimental results since the leakage most likely is 
approximately the same for all cases with the same flow rate. What differs is the 
pressure at inlet of the duct which might affect the amount of air that leaks from the 
system, but this is most likely not something that differs the flow through the air 
duct that much from case to case. 
The experiments validating the simulations with the help of experimental data is 
varying quite much for the different cases, some results correspond very well with 
less than 1 % difference in ΔT between simulations and experiments, while for 
some cases this is 1-3 % and for the worst one more than 7,5 %, meaning that the 
tests validating simulation models varies a lot in quality. 
Depending on how much reliability the experiments have, it shows that a design 
with obstacles mounted in a zigzag shape is the best, this follows what earlier 
studies have stated, these also follows the theory that more and smaller obstacles is 
better than fewer larger, so the experimental data does follow what have been said 
earlier and therefore show that the reliability of the simulations might not be 
completely trustworthy. 
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5.2 Thermal camera tests 
 
The pictures from the use of thermal camera are showed in Figure 17-19. 

	
Figure 17 Base model seen in a thermal camera. Picture: Olle Rosell, fall 2017 

In Figure 17 there are 9 small blue circles, they are the pins that are used to 
stabilize the walls of the air duct and prevent it from being affected due to thermal 
expansion of the walls. This picture is taken when the fluid flow rate was set to 12 
m3/h. It seems like the temperature is quite similar over the air duct, but in the 
upper right corner it seems to be colder. The reason for the colder area in the upper 
right side could be due to leakage, this is at a point where the two parts of the 
prototype model is connected and the connection might not be completely sealed 
between the parts. Because of that there is a small area where the airflow is not as 
high as in the rest of the air duct. This eventual leakage might be the reason for the 
difference in experimental result compared to simulation result in Table 5, this 
since the result for the experiment and simulation of the basic model in Table 4 is 
similar. Otherwise the small pins that is meant to stabilize the air duct does not 
seem to have any significant effect on the airflow. When studying Figure 17, there 
is a cross that measures the temperature at that exact point, in this figure that spot 
indicates a temperature of 30.1 °C, which could be compared to a similar spot at 
almost the same place in Figure 18 which has the same fluid flow rate but is 
equipped with V-shaped obstacles. The corresponding spot in that figure shows a 
temperature of 24.8 °C, meaning that the obstacles affect the temperature in that 
region significantly. According to the experimental results this effect does not 
enhance the heat transfer, it is rather making the opposite since the temperature 
difference between inlet and outlet is higher for the base model. The reason for 
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why the temperature is that low at the same spot in Figure 18 is likely due to the 
fact that the spot is measuring the temperature just below the obstacle, and 
therefore the warm air does not reach this spot to the same extent as in the case 
with the pins that does not shadow parts of the air duct in the same manner as the 
obstacles.  

	
Figure 18 Design with 9 V-shaped obstacles viewed in a thermal camera. Picture: Olle 
Rosell, fall 2017 

In Figure 18 there are V-shaped obstacles that are mounted in rows*columns of 3*3 
and the fluid flow rate is 12 m3/h. It could be seen that the obstacles affect the air 
flow quite significantly at the very near regions of the obstacles but these does not 
affect the temperature profile inside of the air duct. The obstacles in this case do 
not positively affect the heat transfer according to the results presented in Table 4 
and Table 5. When studying the different fluid flow rates, the lower flow rate seem 
to render in larger zones that is affected by the obstacles, meaning that a lower 
temperature is maintained in the air duct. Figure 19 shows that the corresponding 
point where the exact temperature is presented is almost 4 °C lower for the case of 
the lower flow rate, this is due to the fact that the passage for air takes more time in 
this case compared to the other one, meaning that air in this case has more time to 
get in contact with the cold surface and therefore reach a lower temperature. 
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Figure 19 Same design as Figure 18, but lower flow rate. Picture: Olle Rosell, fall 2017 

The design in Figure 19 is the same as in Figure 18, but the fluid flow rate in this 
picture is 8 m3/h. This design with V-shaped obstacles clearly affects the fluid 
flow, but the temperature difference between inlet and outlet is lower in this design 
compared to the basic design, meaning that the effects of mounting large obstacles 
inside of the air duct does not enhance heat transfer, instead it is the opposite. The 
case is different when large obstacles are mounted in a zigzag order, which could 
be seen in Table 4 and Table 5. The best design option seems to be a design with 16 
small V-shaped obstacles mounted in a zigzag shape, since this design performs the 
best results for both flow rates according to the results in Table 4 and Table 5. 
The results of the simulations and how the obstacles affect both temperature and 
velocity are presented in Figures 20-23. The flow rate for the simulated cases is 12 
m3/h. 
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Figure 20 Velocity profile with V-shaped obstacles. Picture: Olle Rosell, fall 2017 

The	 arrow	 presents	 the	 flow	 direction	 of	 the	 air.	 According	 to	 the	 velocity	
profile	 that	 is	presented	 in	Figure 20,	 the	obstacles	have	a	 clear	effect	on	 the	
flow,	the	obstacles	accelerate	the	flow	velocity	in	the	near	areas	beside	them	
and	 decelerate	 it	 at	 the	 front	 and	 especially	 behind	 them.	 The	 fluid	 flow	
pattern	 could	 be	 studied	 further	 in	 Figure 21	 where	 the	 red	 lines	 mark	 the	
stream	through	the	air	duct.	The	streamline	in	Figure 21	is	to	be	expected	since	
the	obstacles	prevent	the	flow	of	taking	the	easier	path,	and	the	volume	flow	
that	enters	the	channel	pushes	the	air	in	front	of	it	and	therefore	accelerates	
the	flow	through	the	paths	that	is	not	blocked	by	obstacles.	This	phenomenon	
renders	a	higher	average	velocity	inside	of	a	duct	with	obstacles	compared	to	
one	without	it,	which	could	be	seen	in	Figure 22.	
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Figure 21 Streamline of the fluid flow inside of an air channel with obstacles. Picture: Olle 
Rosell, fall 2017 

	
Figure 22 Velocity profile without obstacles. Picture: Olle Rosell, fall 2017 
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The	velocity	profile	in	an	air	duct	without	obstacles	seems	to	be	smooth	with	
almost	 the	 same	 velocity	 over	 the	 whole	 volume,	 with	 exceptions	 at	 the	
nearest	 centimetres	 in	 diameter	 around	 the	 pins	 that	 is	mounted	 in	 the	 air	
duct.	 The	 average	 velocity	 in	 this	 design	 seems	 to	 be	 around	 2	m/s,	 which	
could	 be	 compared	 the	 one	 with	 obstacles	 that	 has	 an	 average	 velocity	 of	
approximately	2.5	m/s	at	large	areas	of	the	volume.		
The	temperature	profile	is	also	affected	by	the	obstacles,	which	could	be	seen	
in	Figure 23	when	comparing	it	to	the	results	presented	in	Figure	24.	

	
Figure 23 Temperature profile with V-shaped obstacles. Picture: Olle Rosell, fall 2017 

The	 temperature	 profile	 presented	 in	 Figure 23	 indicates	 that	 the	 area	 just	
behind	 the	 obstacles	 is	 affected,	 this	 is	 similar	 to	 the	 tests	 with	 thermal	
camera	 presented	 in	 Figure 18,	 but	 the	 tests	 with	 thermal	 camera	 seems	 to	
indicate	that	the	obstacles	affect	a	larger	area	behind	them	compared	to	what	
could	be	seen	in	the	results	of	the	simulations.	The	temperature	profile	of	the	
simulations	without	obstacles	is	presented	in	Figure 24.	
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Figure 24 Temperature profile without obstacles. Picture: Olle Rosell, fall 2017 

The	 results	 in	 Figure 24	 could	 be	 compared	 to	 the	 ones	 in	 Figure 17.	 These	
results	seem	to	be	similar,	with	just	a	small	area	near	the	pins	that	is	affected	
with	 a	 little	 temperature	 variation.	How	well	 the	 simulations	 and	 tests	with	
thermal	camera	match	 is	difficult	 to	see	due	to	the	 fact	 that	 the	temperature	
axis	 on	 figures	 for	 thermal	 camera	 is	 not	 scaled	more	 than	with	 the	highest	
and	 lowest	 values,	 but	 it	 seems	 like	 the	 inlet	 and	 outlet	 temperature	 for	
simulations	and	experiments	is	quite	similar.		
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5.3 Thermal performance comparison 
 
The results of the simulations with a low volume flow rate of 8 m3/h are shown in 
Table 6. The abbreviations and pictures on the designs are gathered in Appendix 2. 
Table 6 Results of simulations for volume flow rate of 8 m3/h 

Fluid flow rate 8 [m3/h] 
Model type: Heat transfer [W] Pressure drop [Pa] ΔT [°C] 
Basic model 55.5 78.8 23.4 
V-3*3 56.8 110.9 24.1 
V-4*4 59.0 114.7 24.9 
V-3,4,3,4 57.0 113.6 24.2 
V-4,3,4 57.1 115.9 24.2 
V-2,3,2,3 57.0 108.8 24.2 
V-3,2,3 57.0 110.3 24.2 
W-2*2 56.2 141.3 23.9 
W-2*4 55.4 129.7 23.6 
W-1*2 55.6 122.0 23.8 
Wave-2 55.5 126.4 23.7 
Wave-3 56.6 119.3 24.0 
W-2*2+2*2 56.4 132.4 24.0 
V-2*4+2*4 54.9 115.2 23.3 
W-2+2 56.7 140.3 24.1 
V-2*3+3 59.4 111.2 25.1 
W-1+1 56.3 123.4 24.1 

According to the results from the simulations, a design with V-shaped design with 
9 obstacles, called V-2*3+3, is the best one since it has the highest ΔT, which is the 
difference from inlet to outlet temperature, and the pressure drop is relatively low 
compared to several of the other designs that is tested. The second best is the 
design with V-shaped obstacles that is placed in 4 rows with 4 columns. The results 
for the V-shaped with 9 obstacles and the V-shaped with 16 obstacles are quite 
comparable since the temperature difference is 0.2 °C and the pressure drop 3.5 Pa 
and the total heat transfer of 0.4 W, all in favour of the V-shaped design with 9 
obstacles. These results stand out a little compared to the others both in terms of 
temperature and heat transfer. So it indicates that one of these designs would be 
preferable when choosing how to build the air channel. 
The interest result is that the base model performs very well in terms of pressure 
drop, it has the lowest number, almost 30% less then the design that has second 
least, this could be a factor to consider. Also the temperature difference compared 
to the best one is just 1.7 °C less and the heat transfer is 3.9 W less. So the base 
model performs good results. Depending on how much the extra pressure drop 
weighs in a basic design could be favourable. The extra pressure drop means that 
the fan circulating the air would require more energy in order to withhold the 
required performance. 
For the higher volume flow rate of 12 m3/h, the results are shown in Table 7. 
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Table 7 Results for simulations with volume flow rate of 12 m3/h. 

Fluid flow rate 12 [m3/h] 
Model type: Heat transfer [W] Pressure drop [Pa] ΔT [°C] 
Basic model 62.2 166.7 18.1 
V-3*3 67.0 234.5 19.6 
V-4*4 68.8 243.0 20.1 
V-3,4,3,4 69.2 240.5 20.2 
V-4,3,4 69.3 245.5 20.2 
V-2,3,2,3 69.0 230.1 20.2 
V-3,2,3 68.1 233.3 20.1 
W-2*2 67.9 299.1 19.9 
W-2*4 67.0 274.6 19.8 
W-1*2 67.0 257.9 19.8 
Wave-2 67.0 266.3 19.8 
Wave-3 68.5 251.2 20.0 
W-2*2+2*2 68.4 280.3 20.1 
V-2*4+2*4 66.3 243.9 19.4 
W-2+2 68.6 296.9 20.1 
V-2*3+3 73.8 235.3 21.4 
W-1+1 67.9 260.9 18.1 

According to the results from the simulations with a volume flow rate of 12 m3/h, it 
is again the same design that is the best, the one with V-shaped obstacles, called V-
2*3+3. This design has an advantage of 1.2 °C more in temperature difference 
between inlet and outlet compared to the one that is the 2nd best. The interest result 
is that the one that performs best in terms of ΔT is also one of the better ones when 
taking the pressure drop in to account, it has a pressure drop that is 5.2 Pa more 
than the one that is 3rd best, but the temperature difference is 1.2 °C. The design 
that performs best regarding pressure drop is the base model, it has a pressure drop 
that is almost 30 % less than the 2nd least one. This one is the worst one in terms of 
temperature. So in order to achieve its purpose of cooling the air enough so that the 
water condenses, this design might not perform what it is supposed to do. 
All the designs performs quite similar, for a flow rate of 8 m3/h there is a 
temperature difference of 1.8 °C between the one that has the best ΔT compared to 
the worst one. When studying the results for flow rate of 12 m3/h the same number 
is 3.3 °C, which indicates that the obstacles do have a larger effect on the 
temperature difference when the fluid flow rate increases. However the pressure 
drop is almost 30% less for the base model compared to the 2nd least one for both 
flow rate cases, meaning that if it is not of very much importance to achieve the 
best possible temperature drop in the system then the base model is to prefer since 
it requires less energy than the other designs. At this point would it be difficult to 
compare the energy savings from a high ΔT compared to the energy increase due to 
a higher pressure drop since a specific fan has not been chosen, and therefore there 
is no data of energy consumption of a fan at the moment. 
The results of the simulations indicate that a design with W-shaped obstacles is the 
best option when choosing a design, this one performs the best temperature 
difference for both flow rates, especially for the case of the higher flow rate. What 
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the simulations do not take in to account is that for the real case there would be an 
accumulation of water between the two top edges in this design. How this 
accumulation of water affects the results is unclear and needs further studies. This 
would mean that water would stay inside of the air duct when the machine is not 
operating and what this means for the results and the maintainability of the 
machine is uncertain. 
	
 
5.4  Parameter study 
	
5.4.1 Angular dependence test 
 
The influence angle to the obstacle could have effect on the fluid flow pattern and 
by that enhance the heat transfer. The influence angle is the angle marked with 
green θ in Figure 25.  

	
Figure 25 Sketch to clarify what influence angle is. Picture: Olle Rosell, fall 2017 

The investigations of the how the influence angle rendered in the results are 
presented in Figure 26. 

	
Figure 26 Effects of influence angle for V-4*4. Olle Rosell, fall 2017 

When studying the influence angle of the incoming fluid flow and how it is 
affected by the angle the simulation results are shown in Figure 26. These results 
show that the influence angle is best if it is in the region of 50°. So the simulations 
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end up with a different result than the earlier studies which indicated that 60° is to 
prefer (Yongsiri et al. 2014).  
The investigations of the influence angle and the effect it has on the results on heat 
transfer inside of the air duct indicate the same results for both of the fluid flow 
rates, the design with an influence angle of 50° performs best either for a high or 
low flow rate. What also could be said is that the results of both test are similar 
with the same influence angles performing respectively in the same order with the 
largest angle showing the next best results and so on down to the one with the 
smallest angle. What could be seen in Figure 26, is that the simulations render in 
quite small differences between the best and the second best design for both of the 
simulated flow rates, but the best one performs the highest heat transfer with the 
lowest pressure drop, meaning that this design is clearly the best choice of design.  
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5.4.2 Distance between obstacles 
 
How the distance between the obstacles affects the results of the heat transfer is 
presented in Table 8. 
Table 8 Distance between obstacles and how it affects the heat transfer. 

Fluid flow rate 8 [m3/h] 
Model type: Heat transfer [W] Pressure drop [Pa] ΔT [°C] 
V-4*4 59.0 114.7 24.9 
V-4*4, 6cm 59.0 113.4 24.9 
V-4*4, 4cm 58.8 111.0 24.8 
V-4*4, 10cm 59.1 115.1 25.0 

The simulations with varying distance between the obstacles indicates that a larger 
distance is to prefer instead of a short one, this is what the results indicates and also 
what the literature states. When shortening the distance does the heat transfer 
decrease, but this is also the case for the pressure drop, meaning less energy is 
needed in order to circulate air inside of the system. The same situation but with 
the higher flow rate is presented in Table 9. 
Table 9 Varied distances between obstacles with a flow rate of 12m3/h 

Fluid flow rate 12 [m3/h] 
Model type: Heat transfer [W] Pressure drop [Pa] ΔT [°C] 
V-4*4 68.8 243.0 20.1 
V-4*4, 6cm 68.7 240.0 20 
V-4*4, 4cm 68.4 235.1 19.9 
V-4*4, 10cm 68.8 243.7 20.2 

The effects of a changed distance between the obstacles inside of the air duct are 
presented in Table 9. These results indicate the same relations as in the case with 
lower flow rate, that a higher distance between obstacles enhances heat transfer, 
but also means a higher pressure drop and therefore a higher energy consumption 
during the drying process. It seems like that the distance between obstacles is not 
of that much importance since the results for the best and the worst simulation 
design is only varying with 0.2 °C with a low flow rate and 0.3 °C with a high flow 
rate. Both simulation cases indicate that a longer distance between the obstacles 
enhances heat transfer, but according to the simulation results presented in Table 6 
and Table 7 a design with more and smaller obstacles is better, so instead of 
widening the distance between the obstacles could a design with 25 obstacles 
instead of 16 might be even better, and in this case would the distance between the 
obstacles have to be shorter than the one with 16 since the space inside of the air 
duct is limited.  
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5.5 Others: Assumptions and limitations 
 
When conducting the simulations and experiments with regular air it does not tell 
anything about how the air duct reacts to the moisture content that would be in a 
real case product, meaning that eventual problems that the water could cause is 
unclear. These tests does not show whether or not the air duct actually could cool 
down the air enough for the water content in air to condense and make the air dry. 
This assumption also simplifies the case that there is only convection in the air 
duct, while if there is moisture content in the air it would condense and form a film 
layer on the cold surface. This film layer would affect the heat transfer between the 
cold surface and the flowing air, with the effect that the heat transfer will reduce. 
The reason for the reduction is that the film layer adds additional thermal 
resistance. 
The assumption of conducting the simulations as a stationary case simplifies the 
model a lot and does not say anything about how the inlet temperature varies over 
time and how the warm air affects the temperature of the cold surface over time. 
The same goes for the inlet temperature of the experiments, that varies less than 
0,5 °𝐶!

!  for the experiments, while in reality it is uncertain if the inlet temperature 
will be as high as 50°C at the end of the drying cycle. 
A different outlet pressure than the assumed one of atmospheric pressure would 
mean that the pressure drop in the air duct is something else than according to the 
simulations. The differences in pressure drop when comparing the designs will 
likely still be quite similar, meaning that the basic model would still have the 
lowest pressure drop and the designs with similar values will likely have it even 
though the outlet pressure is higher than simulated. Another outlet pressure would 
affect how much energy the fan would consume to circulate air during the drying 
cycle. 
The cold surface is assumed to have the same temperature during the drying cycle 
and also an even temperature over the whole surface, neither of these assumptions 
is correct. The temperature of the surface decreases over time according to the 
experiments, this is due to the fact that the ice in the ice compartment melts and the 
cold water cools down the surface more evenly, probably because of the fact that 
water has a larger contact area than the irregular shaped bites of ice, therefore a 
mix of water and ice would achieve better results for the cooling of air. 
With completely isolated walls of the ice compartment, it means that no energy is 
lost to the nearest environment, but this is not possible in reality and energy that 
otherwise would be used to cool down the cold surface is lost to the environment, 
which could mean that the cold energy stored in the compartment will not be 
enough for the entire drying cycle. 
It was assumed that the experimental setup was free from leakage, which was 
tested and that this was not the case. So during experiments the cold surface was 
not affected by the right amount of warm air that it would be in a real case model 
where air circulates inside of a closed compartment with no leakage. 
The simulations and experiments is conducted as open systems where air enters the 
system at a set temperature that is not varied over time, and where the outlet air 
goes out to the environment. This simplification does not take in to account that the 
warm dish goods and the walls inside of the dishwasher stores heat energy and that 
this energy is what is warming up drying air. The heat energy stored inside of the 
washing cabinet might not be enough to warm the drying air to 50°C during the 
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entire drying cycle, so the temperature difference between inlet and outlet is not as 
high during the entire drying cycle.  
The temperature sensor that measures the temperature of the cold surface is 
probably affected in some way by the warm air flowing over and beside it, so the 
temperature that is used for the results and simulations is probably not the real 
temperature of the cold surface. 
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6 Further studies 
 
This work has assumed several parameters and in order to get more appropriate 
results further research should be conducted. While conducting experiments this 
leakage should be in mind and tried to be prevented by sealing openings properly. 
Both simulations and experiments would give more accurate results, if it were 
performed as a closed cycle where a certain amount of heat energy is used, instead 
of what was done in this work where a certain temperature was simulated. 
Furthermore, tests should be conducted with moisture content in the drying cycle, 
to see how the water content affects the performance of the air duct and whether 
there is any risks that water could drain the outlet and because of that leading to 
that the fan has to work harder to circulate air. 
A time dependent study of the simulations would be interest to see how 
temperature of inlet, outlet and cold surface varies over time, if it is similar to the 
ones of the experiments. 
Another way of measuring the temperature of the cold surface would give more 
appropriate values of the temperature and the temperature of the cold surface 
should not be even for the whole cold surface since it most likely is not as cold in 
the top as it is in the bottom of the air duct.  
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Appendix 1 
 
Basic model: 

8 m3/h 12 m3/h 
In-temp. [°C] Ut-temp. [°C] Temp.yta [°C] In-temp. [°C] Ut-temp. [°C] Temp.yta [°C] 
50.45311111 26.77311111 19.264 50.28422222 29.85444444 22.234 
323.6031111 299.9231111 292.414 323.4342222 303.0044444 295.384 
 
V-16: 

8 m3/h 12 m3/h 
In-temp. [°C] Ut-temp.[°C] Temp.yta [°C] In-temp. [°C] Ut-temp. [°C] Temp.yta [°C] 
50.45111111 26.24644444 16.74044444 50.40666667 30.28155556 19.11444444 
323.6011111 299.3964444 289.8904444 323.5566667 303.4315556 292.2644444 
 
V-4,4,4,4: 

8 m3/h 12 m3/h 
In-temp. [°C] Ut-temp. [°C] Temp.yta [°C] In-temp. [°C] Ut-temp. [°C] Temp.yta [°C] 
50.498 25.22466667 19.24777778 50.42777778 28.98444444 20.45488889 
323.648 298.3746667 292.3977778 323.5777778 302.1344444 293.6048889 
 
V-9: 

8 m3/h 12 m3/h 
In-temp. [°C] Ut-temp. [°C] Temp.yta [°C] In-temp. [°C] Ut-temp. [°C] Temp.yta [°C] 
50.466 26.91644444 17.995 50.39711111 31.00266667 19.78 
323.616 300.0664444 291.145 323.5471111 304.1526667 292.93 
 
V-3,3,3: 

8 m3/h 12 m3/h 
In-temp. [°C] Ut-temp. [°C] Temp.yta [°C] In-temp. [°C] Ut-temp. [°C] Temp.yta [°C] 
50.56333333 25.69511111 16.85244444 50.47 29.60777778 17.10622222 
323.7133333 298.8451111 290.0024444 323.62 302.7577778 290.2562222 
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Appendix 2 

	
V-2,3,2,3	 	 	 V-3,2,3	

 	
	 V-2*3+3	 	 	 V-3,4,3,4	
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