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Abstract 
 
Throughout recent years, computer based programs has been applied to solve 

and analyse industrial problems. One of these developed programs is the 

Computational Fluid Dynamics (CFD). The purpose of implementing CFD 

analysis is to solve complex flow behaviour which is not possible with ordinary 

calculus. The extensive application of CFD in the industry is a result of 

improved commercial CFD codes in terms of more advanced Partial 

Differential Equations (PDE) describing various physical phenomena, CAD 

and mesh-grid generating tools and improved Graphical User Interfaces (GUI). 

Today, CFD usage has extended to fields such as aerodynamic, chemical 

process engineering, biomedical engineering and drying technology. 

 

As there is an ongoing expansion of CFD usages in the industry, certain issues 

need to be addressed as they are frequently encountered. The general demand 

for simulation of larger control volumes and more advanced flow processes 

result in extensive requirement of computer resources. Numerous complex 

flow topics today require computer cluster networks which are not accessible 

for every company. The second issue is that the implementation of commercial 

CFD codes in minor industrial companies is utilized as a black box based on 

the knowledge on fluid mechanic theory. A vital part of the simulation process 

is the evaluation of data through visual analysis of flow patterns, analysis on the 

sensitivity of the mesh grid, investigation of quantitative parameters such as 

pressure loss, velocity, turbulence intensity etc. Moreover, increased 

partnerships between industry and the academic world involving various CFD 

based design processes generally yields to a verbal communication interface 

which is a crucial step in the process given the fact of the level of dependency 

between both sides. The aim of this thesis is to present methods of CFD 

analysis based on these issues. 

 

In paper I, a heuristically determined design process of the geometry near the 

front trap door of an internal duct system was achieved by implementing the 

CFD code Comsol MultiPhysics as a communication tool. The design process 

was established by two counterparts in the project in which CFD calculations 

and geometry modifications were conducted separately. Two design criteria 

presenting the pressure drop in the duct and the outflow uniformity was used 

to assess geometry modifications conducted by a CAD-engineer. The geometry 

modifications were based on visual results of the flow patterns. The 
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modifications confirmed an improvement in the geometry as the pressure drop 

was reduced with 23% and the uniformity was increased with 3%. 

 

In paper II, volume averaged equations were implemented in a tube-fin heat 

exchanger in order to simulate airflow. Focus was on achieving a correct 

volume flow rate and pressure drop (  -p) correlation. The volume averaged 

model (VAM) is regarded as a porous medium in which the arrangement of fins 

and tube bundles are replaced with volume averaged equations. Hence, the 

computational time was reduced significantly for the VAM model. Moreover, 

experimental results of the   -p correlation showed good agreement with the 

VAM model. 
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Summary in Swedish 
 
Genom åren har datorbaserade program applicerats för att lösa och analysera 

industriella problem. Ett av dessa program heter Computational Fluid 

Dynamics (CFD). Syftet att införa CFD-analys är att lösa komplexa 

flödesförhållanden som inte går att lösa analytiskt. Den omfattande 

applikationen av CFD i industrin är en följd av förbättrade CFD koder. Dessa 

koder karakteriseras av mer avancerade partiella differential ekvationer (PDE) 

för beskrivning av fysikaliska fenomen, förbättrade verktyg för generering av 

CAD och mesh, samt förbättrade grafiskt användargränssnitt. I dag har CFD-

användning spridit sig till ämnesområden som aerodynamisk, kemiteknik, 

biomedicinteknik samt teknik för olika torkningsprocesser. 

 

I och med den konstanta utbredningen av CFD i industrin, måste flera punkter 

adresseras av den orsaken att dem förekommer ofta. Generella krav för 

simulering av stora kontrollvolymer med avancerade strömningsförhållanden 

kräver omfattande datorresurser. Ett stort antal strömningsförhållande kräver 

nutilldags datorkluster, vilket inte är en tillgänglighet för alla företag. En till 

viktig punkt är att användningen av CFD har en tendens att användas som en 

”black box” modell utifrån vetenskapen av strömningsmekanik. En viktig del i 

simuleringsprocessen är utvärdering av data genom visuell analys av strömning, 

känslighetsanalys av meshstrukturen, analys av kvantitativa parametrar som 

tryckfall, hastighet av fluid, turbulensintensitet etc. Utöver det så ökar 

samarbete mellan företag och universitet i CFD-baserade designprojekt vilket 

leder till problematiken runt kommunikationen mellan olika parter med olika 

vetenskapliga profiler. Målet med uppsatsen är att presentera metoder inom 

CFD-analys som belyser problematiken kring dessa punkter. 

 

I artikel I har en heuristik baserat design process applicerats på en begränsad 

geometri av en intern kanalsystem där CFD-koden Comsol MultiPhysics 

tillämpats som ett kommunikationsverktyg. Designprocessen utgjordes av två 

parter där CFD-beräkningar och modifieringar av geometrin utfördes separat. 

Två designkriterier som användes var tryckfall och distribution av utflödet i 

kanalen. Kriterierna användes som ett underlag för att bedöma den geometriska 

modifieringen av CAD-ingenjören. Modifieringen av geometrin var baserade på 

visuell data. En reducering av tryckfallet på 23% och en förbättring av 

distributionen på 3% påvisades efter designprocessen. 
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I artikel II har volymkraftsekvationer implementerats i en 

tvärströmsvärmeväxlare för att simulera luftströmningen. Fokus i arbetet har 

varit att erhålla en korrekt korrelation mellan volymflödet och tryckfallet i 

värmeväxlaren. Volymkraftsmodellen är betraktad som ett poröst material av 

den orsaken att strukturen i värmeväxlaren är ersatt med 

volymkraftsekvationerna. Det leder till beräkningstiden reduceras avsevärt för 

modellen. Korrelation av volymflödet och tryckfallet i volymkraftsmodellen 

stämmer relativt bra med experimentell data. 
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Nomenclature 

 
  Force field   [N/m3] 

  Source term (Comsol)  [N/m3] 

  Unit tensor   [-] 

  Normal vector  [-] 

  Velocity field  [m/s] 

  Area   [m2] 

  Diffusion coefficient (Comsol) [m2/s] 

  Force   [N] 

  Gravitational acceleration  [m/s2] 

  Neumann condition  [-] 

  Mesh cell length  [m] 

  Weight coefficient (Comsol) [-] 

  Non-uniformity coefficient [-] 

  Kinematic turbulent energy [m2/s2] 

  Turbulent length scale  [m] 

   Momentum flux  [N] 

   Mass flow rate  [kg/s] 

  Pressure   [Pa] 

   Mechanical energy rate  [W] 

  Heat flux   [W/m2] 

  Dirichlet condition  [-] 

  Temperature   [K] 

  Time   [s] 

  Mean velocity coefficient  [m/s] 

  Local velocity coefficient  [m/s] 

  Transport quantity (Comsol) [-] 

  Volume   [m3] 

   Volume flow rate  [m3/s] 
 
Greek symbols and mathematical operators 
 

  Convective transport term (Comsol) [-] 

   Laminar resistance coefficient [Pa∙s] 

   Turbulent resistance coefficient [kg/m4] 

  Convective velocity vector  [m/s] 

  Source/sink term (Comsol) [-] 

  Difference term   [-] 

  Turbulent dissipation  [m2/s3] 

    Porosity of heat exchanger [-] 

  Viscosity (Comsol)  [Pa∙s] 
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  Turbulent velocity scale  [m/s] 

  Permeability   [m2] 

  Heat conduction  [W/m∙k] 

  Dynamic molecular viscosity [Pa∙s] 

   Dynamic turbulent (eddy) viscosity [Pa∙s] 

  Density   [kg/m3] 

   Summation    [-] 

  Shear stress   [Pa] 

  Partial derivative  [-] 

  Gradient operator  [-] 

     Time averaged property  [-] 
 
Subscript 
 

    Tensor indices 

      Cartesian coordinates 

  Critical 

  Mean scale properties 

  Constant properties (Comsol) 

  Laminar 

  Turbulent 

   Inlet 

    Outlet 

     Loss 

    Artificial  

    Heat exchanger 

      Solid 
 
Acronyms 
 
CAD Computer aided design 
CFD Computational fluid dynamics 
FDM Finite difference method 
FVM Finite volume method 
FEM Finite element method 
PDE Partial differential equation 
DOF Degrees of freedom 
GUI Graphical user-interface 
NS Navier-Stokes 
RANS Reynolds averaged Navier-Stokes 
Re Reynolds 
Pe Péclet 
REV Representative elementary volume 
VAM Volume averaged model  
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1 Introduction 

 

In recent years, computer based programs have been applied to solve and 

analyse industrial problems. The CFD program is one of these ongoing 

programs. CFD is the abbreviation for Computational Fluid Dynamics, which 

is one of the branches of fluid dynamics. Increased development of high-

performance computer hardware, as well as the introduction of user-friendly 

interfaces, has paved the way for an extensive application of CFD in various 

fields. Such fields include aerodynamics of aircraft and vehicles (reducing the 

drag coefficient of a car for lower fuel consumption), chemical process 

engineering (improving the mixing capability of a static mixer which is 

applicable in wastewater treatment or refinery in the oil and gas market), 

biomedical engineering, and drying technology. The latter is a typical 

multidisciplinary topic that covers fast-growing fields, such as the food industry, 

reviewed by Norton and Sun (1), and the agricultural industry, analysed in 

Norton et al. (2). 

 

By way of a recent progression of computer efficiency, several aspects of CFD 

usage compile to an advantaged approach over experimental-based approaches 

in fluid systems design that result in: 

 

 the possibility to execute detailed analyses of a system; 

 the capability to simulate large control volumes, which presents 

difficulties in physical laboratories; 

 a possible tool for communication of results based on detailed 

visualisation images; 

 a time and cost efficient tool in various fluid design processes. 

 

Numerical based design of various components is one of many studies that 

have evolved along the development of CFD codes and improved computer 

power. There are several ways to carry out geometrical improvements through 

CFD calculations. El-Sayed et al. (3) integrated an optimisation code into a 

CFD code to create a shape optimisation tool to study the design of an airfoil 

and an S-shaped duct. In an article by Bo et al. (4), the authors combined the 

CFD software Fluent with the iSIGHT design platform to optimise the 

aerodynamic performance of a wing. Another form of designing a geometrical 

structure is to visually analyse the airflow patterns in the simulations model. In 

an article by Yakinthos et al. (5), a 2D approach was used to solve the Launder-
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Sharma low-Reynolds k-ε model in order to capture recirculation regions close 

to the walls of heat exchangers installed in a recuperative aero engine. Several 

configurations were investigated to achieve the lowest value of the pressure 

drop. Lakshmiraju and Cui (6) implemented a k-ε model in the CFD software 

Fluent. They established detailed data on the flow field in order to analyse the 

mechanisms of pressure loss in a power plant stack model. 

 

Even though a CFD approached design process is not capable of replacing 

pilot-scale testing completely, it reduces the expense due to a reduced need of 

manufacturing prototypes for measurements, and fewer rentals of large 

experimental facilities and measurement equipment. Large industrial companies 

usually encompass an experienced CFD department with vast full-scale 

experimental laboratories. In addition, they are in possession of computer 

cluster networks. Numerous minor companies, however, lack experience of the 

subject, computer resources and extensive experimental facilities. 

 

User-interfaces in CFD programs have developed rapidly. Yet, the history of 

research concerning the theory of fluid dynamics is extensive. Consequently, 

the implementation of CFD software in minor industrial companies is utilised 

as a black box based on the knowledge of fluid mechanic theory. With the 

availability of user-friendly interfaces, CFD calculation can be conducted on a 

practical basis in various industries. Yet again, a crucial part in the simulation 

process is to evaluate data by using visual analysis of flow patterns, analysis on 

the sensitivity of the mesh grid, investigation of quantitative parameters, such as 

pressure loss, velocity, turbulence intensity, etc. There is, however, a need for 

collaboration involving the industry and the academic world in order to carry 

out applied research toward the objective of the industry. A direct partnership 

involving researchers and industry generally yields to a verbal communication 

interface, which is a crucial step in the process, given the level of mutual 

dependency. A numerical design process involving a CFD researcher and a 

CAD-engineer is one case where communication plays an important role in 

carrying out a successful design process. 

 

In this study, the airflow patterns in an internal duct system of a heat pump 

tumble dryer are studied numerically. The study originates from the fact that 

there is a need to improve the performance of a new tumble dryer, connected 

to a heat pump. Different approaches to the energy efficiency of drying can be 

used on a tumble dryer. It is possible to analyse the leakage of energy, or 
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studying the heat and mass transfer between clothes and drying medium in the 

drum. The heating, cooling and condensing capacity of the heat exchanger unit 

could be analysed experimentally. In this thesis, however, emphasis is placed on 

how the airflow patterns will be studied in the internal duct system of the dryer 

by applying a CFD analysis. 

 

 

1.1 Objectives 

 

The objective of this thesis is to investigate possible ways of implementing 

CFD analysis on a heat pump tumble dryer. The essence of the investigation is 

to present possible methods based on the capacity of standard personal 

computer hardware. 

 

Two methods are presented. In the first method, a CFD software is utilized as a 

communication tool during a numerical based design process in cooperation 

with a household appliance company. The design process is conducted through 

a communication interface between the researcher and a development team, 

which are a representative of the company. The second method is a numerical 

analysis of the heat exchanger unit in the tumble dryer. The method applies 

volume averaged equations in order to bypass a dense mesh grid structure to 

simulate airflow and pressure drop across the unit. 
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2 Tumble Dryer 

 

The IEA stands for the International Energy Agency and was formed one year 

after the oil crisis in 1973. Sweden is a member of this organisation. IEA aims 

to disrupt the supply by oil through the development of renewable energy 

systems and increasing the energy efficiency of existing energy systems. It 

serves as a statistic information source on the international oil market and other 

energy sectors. Household appliance products constitute one of the energy 

consuming markets.  It consumes almost one third of all electricity produced by 

IEA member countries. The tumble dryer is one of several energy consuming 

household appliance products in, among other places, residential homes. 

According to Deng and Han (7), the number of clothes dryers in US homes 

increased from 40% to 80% during 1990, which constitutes about 76 million 

dryers. In a study made by IEA (8), they state that the energy consumption of 

clothes dryers was 58.1 TWh in 1990 and 77.1 TWh in year 2000 in the OECD 

countries, which is an increase from 2.9% to 3.3% in residential electricity 

consumption. As there is a general growth in population, the demand for 

household appliance products is also increasing. Hence, it is crucial to reduce 

the energy demand for such products and to make continuous efforts to 

increase their efficiency. 

 

The open cycle dryer and the closed cycle dryer are two of the most common 

tumble dryers today. The former evacuates the humid air into the room and the 

latter cools and condenses the air medium in a heat exchanger prior to 

transporting it back to the drum in a recirculation system. The condensed 

energy is transported out to the room by the exhaust air in the heat exchanger, 

which provides additional heating to the surrounding room. The energy 

consumption of these dryers occurs in the electrical heaters in order to achieve 

the correct drying temperature, the fan which transports the air in the 

circulation ducts and the drum as there is an electrical input in order for the 

drum to rotate. Conde (9) studied the effects of applying heat recovery to an 

open and closed cycle dryer, and he concluded that there was an improvement 

in the energetic drying efficiency for the drying process. Bansal et al. (10) 

studied a new concept of a domestic clothes tumble dryer and replaced an 

electrical heater with a heat exchanger that utilises hot water. The drying cycle 

of the modified dryer was 5–10% faster and the moisture extraction rate was 

improved. Stawreberg and Nilsson (11) created a statistical model of a 

condensed tumble dryer in order to find the best settings for the power supply 
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of the heater and settings on the internal and external flow. The aim was to 

increase the specific moisture extraction rate for the dryer (SMER). Their result 

showed that a high power supply to the heater, high internal airflow and low 

external airflow give the highest SMER value. Berghel et al. (12) conducted 

experimental analyses on the performance of a closed cycle tumble dryer by 

which they tested different running conditions on the dryer. They discovered 

that a leakage of humid air in a range of 20–40% reduces the efficiency of the 

heat exchanger. The main leakages were located at the entrance of the drum 

and between the heat exchanger and the electric heater. 

 

A heat pump tumble dryer is a new concept in the household appliance 

industry. The working medium of the tumble dryer is transported in a closed 

internal duct system. The humid air is transported from the drum into a heat 

exchanger unit where the air is condensed and cooled in the first heat 

exchanger it meets with. In the second exchanger, the air is heated again before 

being transported back to the drum. The condensed energy is utilised as a low-

temperature energy source which the working medium in the heat pump 

absorbs. 

 

 
Fig. (1). Components of the internal duct system 
 

There are several aspects of the heat pump tumble dryer that can be analysed. 

We can, e.g., make an experimental analysis on how the drying rate is affected 

based on the rotation speed of the drum, study the energy leakage in the 

system, and the effectiveness of the heat pump based on working medium. 

However, analysis of the airflow behaviour has yet to be studied or published to 

a further extent. Based on previous research on tumble dryers, it is clear that 
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the major part of the energy consumption is located at the electrical heater. 

Then again, since the production and the manufacturing of tumble dryers are 

continuously increasing, analysis of the airflow could provide some motivating 

results. 

 

The analysis made in this thesis is based on the airflow behaviour in the internal 

duct system. It is desirable to choose the entire internal duct system as the 

computational domain. Adding all the components in one single computational 

domain, however, results in an unfavourable amount of mesh elements, which 

does not make it feasible for standard computer resources. So far, the front trap 

door and the heat exchanger unit are the components that have been studied. 

The CFD software package, Comsol MultiPhysics, has been applied as a tool 

for mesh grid generation, simulation of airflow patterns and post-processing of 

simulation results, i.e., flow visualisation with several plot functions and 

calculated parameters, such as pressure and mean velocity. 

 

 

3 Communication Interface 
 

The communication process of various fields of knowledge is an issue involving 

the integration of CFD calculation of airflow behaviour and structural geometry 

design. The complexity involving CFD usage leads researchers, such as 

Koikekoi (13), to study strategies of practical engineering software applications 

in order to amplify the implementation of such software’s for the next 

generation. Stenzel and Pourroy (14) proposed a concept of an interface 

instrument for different professions. The implement focuses on product 

knowledge as a tool to initiate communication between professions and to 

support their learning of the product. Petridis and Knight (15) acknowledged 

the difficulties of implementing a CFD software package into a so called 

Intelligent Knowledge-Based System (IKBS). They suggested a blackboard 

model to facilitate the use of CFD data by various engineering groups.  

 

The numerical based design process is described in Fig (2). It is viewed as a 

deterministic algorithm considering the fact that each procedure is operated 

under the same considerations. The geometry modifications are heuristically 

determined based on visual images of airflow patterns and two design criteria 

for the model. 
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Fig. (2). Schematic description of the design process 

 

Due to a complex geometry structure, considerations of how fluid mechanic 

parameters are visually presented are critical in order to amplify the 

communication. It is essential to present certain locations in the domain that 

provides the CAD-engineer with detailed information on where unfavourable 

flow behaviour is generated. The evaluation of the fluid parameters is the 

criterion that determines the geometry modification. The modifications were 

confirmed by comparing the design criteria with the previous model. The 

pressure drop   , which represent the driving force in transporting the air flow 

through the geometry, is one of two design criteria for the computational 

domain in Article I. The pressure drop coefficient is a common criterion when 

studying geometrical capabilities of airflow and heat transfer for industrial 

components. Yan and Sheen (16) conducted an experimental study on the heat 

transfer and pressure drop characteristics of a tube-fin heat exchanger for 

several different fin arrangements, such as plate, wavy and louver. Lakshmiraju 

and Cui (6) used a standard k-ε model to simulate airflow in a power plant stack 

model. They established geometrical improvements of the stack model in terms 

of the pressure drop reduction. Miura et al. (17) determined experimentally an 

isothermal pressure drop for 32 different flow arrangements of a plate heat 

exchanger. They correlated the pressure drop with flow rate, number of passes 

and number of flow channels per mass.  

 

The second design criterion in article I is a dimensionless coefficient K, which 

determines the uniformity of the airflow patterns at the outlet boundary of the 

domain. The parameter K is a quality measure, which represents the normalised 

standard deviation in a section. Macchion O et al. (18) used such a criterion in 

order to determine the velocity non-uniformity at the exit of a circular to 
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rectangular transition duct in a cogeneration power plant. Forsberg and Persson 

(19) analysed possible design modifications on a radiator system in a mobile 

drill rig with the purpose of increasing the cooling capacity. They used a quality 

measure to determine the uniformity of the flow distribution, and found that 

maximising the uniformity was preferable across a section of the radiator. 

 

The design criteria and visual data is a foundation of the communication 

process. It is preferable to communicate the CFD results verbally. Otherwise, 

visual data of flow patterns can be missinterpretated. The communication is 

continuous process and is looped until further modifications are not possible. 

 

 

4 Fluid Mechanics 

 

4.1 History 

 

The mathematics that describes complex flow behaviour is high level, yet, we 

encounter complex flow patterns in everyday life. The water, for instance, flows 

out of a tap, the smoke rises up the chimney, the irregular motion of a leaf 

falling from the tree and the flow distribution in a lecture room are only a few 

of innumerable events that involve complex flow patterns.  

 

It is difficult to establish when the study of fluid motion first took place due to 

the art of documentation being relatively new to mankind. The development of 

hydraulics was purely empirical as our ancestors built farms where the 

utilisation and transportation of water were crucial. Discoveries of constructed 

irrigation canals dating from 4000 years B.C. were made in ancient Egypt and 

Mesopotamia. More advanced water systems for transportation and storage 

were constructed in old civilisations such as Jerusalem, Greece and, especially, 

the Roman Empire. The evolution of the ship is a result of empirical studies of 

fluid mechanics. Mankind first developed simple boats out of logs and moved 

towards advanced ships with sail, which allowed them to navigate the oceans. 

The Phoenicians and Egyptians are noticeable for building excellent ships.  

 

During the second half of the 15th century, a polymath named Leonardo Da 

Vinci was one of the first scientists to visualise and document fluid flow in 

detail. Extensive descriptions were made of the movement of water in the form 

of eddies, water waves, free jets, falling water, only to name a few. He also 
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described the destructive force of water.  His work paved the way for future 

research in the fields of hydraulics as well as hydrodynamics. In the late 17th 

century, Isaac Newton tried to quantify fluid flow through the elementary 

Newtonian physical equations. This includes the concept of the Newtonian 

viscosity and reciprocity principle. His famous second law:       , is the 

foundation for the deduction of the Navier-Stokes (NS) equations.  

 

 
Fig. (3)

 1
 and (4)

 2
. Studies of water passing solid object and water falling into still water by  

by Da Vinci 

 

In the mid 18th century, Daniel Bernoulli contributed significantly to the field of 

hydrodynamics by trying to mathematically describe motions of fluid. In his 

treatise, Hydrodynamica, he acknowledged the properties of basic importance 

with regard to fluid flow, such as pressure, density and velocity. His famous 

Bernoulli’s principle was crucial in the early studies of aerodynamics. During 

the time of Bernoulli, Leonard Euler proposed the so called Euler’s equation, 

which describes conservation of momentum and mass for an inviscid fluid. 

Further developments on the Euler’s equations were conducted by George 

Gabriel Stokes, who introduced viscous transport to the equations, and, 

together with Claude Louis Marie Henry Navier, they formed the NS equations. 

These equations form the basis of modern day CFD usage. 

 

 

4.2 Pressure in fluid flow 

 

The concept of pressure is an integral part of the field of fluid dynamics. The 

unit of the pressure is Pascal (Pa) which equals force (N) divided by unit area 

                                                 
1 http://www.siggraph.org/publications/newsletter/volume-42-number-2/interacting-with-three-
dimensional-flow-fields, 2011-01-10, 00:57 
2 http://www.portlandart.net/archives/2009/01/art_and_nature.html, 2011-01-10, 01:35 
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(m2). Hence, the definition of the term pressure is that of a force that is 

perpendicularly applied to a surface of an object. The term is a scalar quantity as 

it relates the normal vector of the surface to the force vector acting in the 

normal direction to it. The concept of pressure was introduced in ancient 

Greece when Archimedes presented the principle of buoyancy, stating that the 

force acting on an immersed body is equal to the weight of the water volume it 

displaces. The principle is based on a static system in which the pressure acts on 

a non-moving object.  

 

Pressure can be identified in every point in a body of fluid regardless of the 

fluid being in motion or not. The first equations coupling velocity to pressure in 

fluid motion were introduced by Daniel Bernoulli in his treatise Hydrodynamica. 

They are described in the so called Bernoulli's law. He used the concept of 

water decanting in a vertical vessel as a result of the efflux of water in an 

attached tube in the lower section. He stated that the acceleration of the water 

in the intersection of the vessel and the tube is equal to the loss of the fluid's 

potential energy. He put it in words that the exerted pressure by the fluid on the 

walls of the vessel is equal to the difference between the hydrostatic pressure 

and dynamic pressure. This statement led to what is known today as Bernoulli's 

equation: 

 

      
 

 
             (1) 

 

Later on, Daniel's father, Johann Bernoulli, stated that the pressure of the fluid 

in the vessel is a result of contiguous fluid parts exerted on one another, which 

he called internal pressure. This pressure is today better known as the static 

pressure of the fluid, and it is represented by the first term on the left hand side 

of Eq. (1). The term is correlated to the pressure head, the second term to the 

left of Eq. (1) and the dynamic pressure, which is called kinetic energy if Eq. (1) 

is written in energy form. Bernoulli's statement on his equation is that the 

energy density is constant following a streamline in the flow which is the sum 

of all terms in Eq. (1). Moreover, friction losses due to viscous stress are 

disregarded. 

 

When studying airflow through a duct, a similar approach to determine the 

relation between the velocity and pressure is to apply the conservation of 

energy. If the frictional losses were disregarded, it would result in Bernoulli's 

equation. With a presented control volume of an airflow duct with a steady 
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state flow at hand, however, the conservation theorem could be set up in 

different forms of conservative units, such as mass, momentum or mechanical 

energy. The continuum principle is one of the central assumptions in this field. 

Here, the discrete nature of matter is overlooked, given the fact that the length 

scale of the macroscopic matter is large compared with the atomic discrete 

length scales. Thus, the matter is treated as a continuum, which indicates that 

the quantities of the matter are continuously differentiable. In 1750, Leonhard 

Euler claimed that Newton’s second law of motion applied to infinitesimal 

bodies was the true basis of continuum mechanics. He stated that the 

acceleration of a fluid element depends on the combined effect of the pressure 

gradient and external forces, such as gravity. Based on Newton’s second law, 

Euler obtained what is known as one of the first PDEs for fluid motion. 

 

 
     

   
 

  

   
      (2) 

 

Euler’s momentum equation is equivalent to Eq. (7) except for the viscous 

forces term. Moreover, Eq. (2) is written for a steady state process as the time 

derivative is disregarded.  To study the conservation of an arbitrary control 

volume, the divergence theorem is used to clarify the balance equation. The 

divergence theorem states that the outward flux of a vector field through the 

surfaces of a closed control volume is equal to the volume integral of the 

divergence of the vector field in the region. 

 

      
 

 
       

 

  
   (3) 

 

The term on the left hand side of Eq. (3) represents the divergence of the 

vector field in the region, which represents the sum of all sources minus sinks.  

The term on the right hand side of Eq. (3) is the vector field at the normal 

direction at the surface of the control volume. Hence, this theorem is a 

conservation law, and it is applicable in other fields, such as electromagnetism 

and quantum mechanics. 

 

Euler’s momentum equation can be applied to an arbitrary control volume in 

which the sum of all forces of the in and outflow boundaries are determined. 

The force that represents the vector field described in Eq. (3) is the parameter 

of interest in the control volume. 
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Fig. (5). Description of an arbitrary control volume 

 

Applying force balance in terms of momentum fluxes and pressure forces on a 

control volume indicates the state at each end point, see Eq. (4). 

 

          
       

                    (4) 

 

The third and fourth term on the right hand side of Eq. (4) represent the static 

pressure that is exerted on a surface area and the first and second term presents 

the flux of momentum. The difference represents a loss term (last term of Eq. 

(4)) due to viscous and fluctuating stresses. To draw up a parallel with the 

divergence theorem, the sums of all forces that are exerted on the fluid are 

acting as sinks in the region. Hence, the outward momentum flux of the control 

volume has a lower value than the inward flux. 

 

            
 

    
         

   
 

    
       

 

   
      

   
 

   
 

     (5) 

 

Eq. (5) indicates that the loss coefficient equals the difference between the 

pressure force and the momentum flux for each end point. Provided data of the 

local velocity in each endpoint, the energy flux may be calculated by multiplying 

each section with its local velocity. Furthermore, dividing the equation with the 

volume flow rate will represent a pressure drop over the duct. For simpler 

geometries, such as a straight duct or a tube with an expansion section, there 

are valid empirical equations used to calculate the pressure drop for laminar as 
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well as turbulent flows. For more advanced geometries, CFD analysis has to be 

implemented due to the generation of complex fluid flow behaviour. 

 

 

4.3 Incompressible form of the Navier-Stokes equations 

 

The most common PDE in fluid flow analysis is the NS equations. The 

equations are nonlinear PDEs that state that the momentum rate of a fluid 

element (term on the left hand side of Eq. (7)) corresponds to pressure (first 

term on the right hand side of Eq. (7)) and viscous forces (second term on the 

right hand side of Eq. (7)) acting on a fluid element. The continuity equation 

which states that mass flux entering and leaving the control volume is equal to 

the change in mass, see Eq. (6). 

 
   

   
        (6) 

 

 
   

  
    

   

   
  

  

   
  

    

      
    (7) 

 

In some cases, gravitational forces need to be reintroduced. When dealing with 

air, the term is negligible. Dealing with the incompressible form of the NS 

equations, the term   is constant. In the view of flows with significant 

temperature variation, buoyancy effects need to be considered. Moreover, the 

compressibility in the NS equation needs to be considered when dealing with 

high velocities (Mach number > 0.3). 

 

The indices   and   in Eq. (2), (6) and (7) represent three equations for which   

and   may take on the values of 1, 2 or 3. If we want to write the continuity and 

NS equations in the x-coordinate, we set   to 1. Since the index   appears twice 

in the convective and diffusive term, we have to apply the summation rule due 

to the fact that the index   is regarded as a so called dummy index. 

 
  

  
 

  

  
 

  

  
      (8) 
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Further contributions on the boundary layer theory and turbulence were made 

by Ludwig Prandtl during the first half of the 20th century. While Prandtl was 

working in the Maschinenfabrik Augsburg-Nürnberg, he attempted to improve 

a suction device for the removal of shavings. During the course of the project, 

he realised that the pressure rise expected in a divergent tube failed to occur 

because the lines of the flow tended to separate from the walls. On the basis of 

this observation, Prandtl founded his well-known boundary-layer approach to 

resistance in viscous fluids. Prandtl stated that a fluid with a relatively low 

viscosity, such as water or air, is inviscid in a flow domain except near the wall 

where the fluid adheres to the solid wall. This region is called the boundary 

layer and is based on the assumption of the No-Slip condition. Furthermore, he 

put forth several approximations for the boundary layer through scale analysis 

in which he determined that, for a two-dimensional flow, the streamwise 

velocity is larger than the spanwise. Yet, the derivative (change) in the spanwise 

direction is larger. Moreover, he determined that the change in pressure over 

the boundary layer thickness is negligible. This indicates that the pressure force 

is determined by the inviscid flow and that it is independent of the 

development of the boundary layer. 

 

 

4.4 Accounting for turbulence 

 

Already in the late 18th century, Daniel Bernoulli and his father shared a 

preconceived notion about mechanical losses that was later put forth by 

Leibnitz. The notation states that losses of mechanical energy in fluid motion 

occur in the interaction of small-scale motion. Bernoulli's equations are 

excluded of fluid resistance, which was judged by Bernoulli to be beyond the 

grasp of mathematics at the time. 

 

Turbulence is a common occurrence in practical fluid flow. Turbulence is 

characterised by randomness or chaotic behaviour of the flow in which 

turbulent eddies occurs at different velocity and length scales. High values of 

diffusion occur in turbulent flow due to effective mixing caused by the eddy 

motion. The length scale of the largest eddies in a flow process is of the same 

order as the flow geometry. These eddies are created by the presence of a mean 

velocity gradient, hence the kinetic energy in the mean flow is transferred to the 

eddy motion of the largest scales. The transfer of kinetic energy continues to 

smaller eddies and so on. At the smallest scales, the eddy dissipates to thermal 
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energy as the kinetic energy in the eddy motion is not able overcome the 

viscous forces in the fluid.  The process in which the kinetic energy is 

transferred from the largest eddies to the dissipative ones is called the cascade 

process. The dissipative scales were put forth by Russian mathematician Andrey 

Nikolaevich Kolmogorov, they are famously known as Kolmogorov scales. 

 

A dimensionless quantity that describes the unstable nature of the flow is called 

the Reynolds (Re) number, which is the ratio of inertia and viscous forces. 

 

    
     

 
     (10) 

 

At internal flow conditions,           is the critical value of the Re number 

in which the flow is entering a transition region towards turbulence. 

 

In theory, the NS equations describe laminar as well as turbulent flow 

conditions. With an increased Re number, however, disturbances in the flow 

are created due to the development of fluctuations in the velocity and pressure 

parameters. The parameters in Eq. (6) and (7) are instantaneous. Hence, in the 

presence of turbulence, it would require a great amount mesh elements to 

resolve all the turbulent scales in spatial coordinates and a fine resolution in 

time, given the fact that turbulent flow is unsteady. Direct numerical simulation 

(DNS) is equivalent to applying the NS equations without an additional 

turbulence model to resolve a flow process. Such simulations are not feasible 

for standard computer usage as the mesh grid easily exceeds millions of 

elements for relatively small Re numbers. 

 

In recent years, several turbulence models have been established and are still 

being developed due to the need of achieving reasonable flow visualisation. 

Turbulence is a chaotic state of the flow, which has different characterisations 

depending on which position in the flow geometry that is analysed. Most 

turbulence models are based on time averaged values of the pressure and 

velocity components. Through Reynolds decomposition, time averaged and 

fluctuating values of velocity and pressure are implemented in NS equations. In 

turn, the NS equations are time averaged which result in the Reynolds-averaged 

Navier-Stokes (RANS) equation. The difference between the RANS and the 

NS is that the derivatives are on the time averaged values and the interaction of 

fluctuating velocities results in an additional stress term, which is called the 

Reynolds stress term, see Eq. (12). The subject of modelling the Reynolds stress 
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term has evoked huge interest in recent years due to the uncertainties that 

involve the determination of the term. Turbulence models that are based on the 

RANS equation are classified on the basis of how many additional transport 

equations that need to be solved along the RANS equations. Depending on 

how many unknown variables that come along in describing the Reynolds stress 

term, the same amount of transport equations need to be applied in order to 

achieve a closure of the model. However, there has yet to be found an exact 

solution to this problem which is why certain assumptions are required. This is 

called the closure problem. The mixing length model and the standard k-ε 

model are two of the most widely used turbulence models. 

 

In 1877, the French mathematician and physicist Joseph Valentin Boussinesq 

stated that the momentum transfer in the mean flow caused by the Reynolds 

stress is analogues to viscous stress. 

 

      
   

   
 

   

   
      (11) 

 

        
   

          (12) 

 

Instead of the physical viscosity of the fluid, Boussinesq stated that the 

influence of the turbulent eddies can be described with an eddy viscosity which 

has the same unit. Unlike the fluid viscosity, the eddy viscosity is a function of 

position as the geometry of the flow domain determines the characteristics of 

the flow. Hence the Reynolds stress is determined by the mean rates of 

deformation. 

 

    
   

          
      

   
 

       

   
     (13) 

 

The mixing length model is based on Boussinesqs assumption. Due to the 

dimension of the eddy viscosity, it can be expressed as a product of a turbulent 

velocity scale and a turbulent length scale. 

 

            (14) 

 

Considering that most of the kinetic energy is contained in the largest eddies, 

the turbulent velocity scale is linked to the mean flow properties. For a two-
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dimensional flow, the Reynolds stress is reduced to the rate of deformation in 

the y-direction considering the boundary layer approximation in which it is 

stated that the derivative of the velocity in the streamwise direction is 

disregarded. 

 

    
   

  
       (15) 

 

The absolute sign indicates that the velocity scale is always positive regardless if 

the rate of deformation is positive or negative. Implementing Eq. (14) and (15) 

in Eq. (13) yields. 

 

        
   

  
 

   

  
     (16) 

 

This is the mixing length model proposed by Prandtl where the mixing length   

is a mean distance in which two individual fluid parcels are displaced due to 

fluctuations. It is easy to use the mixing length model due to the fact that no 

additional transport equations are needed. Yet again, the model is limited to 

plane-wall geometries and thin shear layers such as mixing layers of jets and 

wakes. 

 

The standard k-ε model is a two-equation model in which the RANS equation 

needs two additional transport equations for the turbulent kinematic energy (k) 

and the turbulent dissipation (ε). The model is based on Boussinesqs 

assumption as well, yet the formulation of the eddy viscosity is based on k and 

ε. Setting up a dimensional analysis on the eddy viscosity based on k and ε 

yields: 

 

      
  

 
     (17) 

 

Where    is a dimensionless constant which is determined empirically. The 

exact transport equation for k and ε are derived from the from the NS 

equations. Hence implementing Eq. (17) in the RANS equation and adding the 

equations for k and ε, the model is closed. The standard k-ε model is valid for 

large Re numbers and is based on the assumption that the turbulence is in 

equilibrium in the boundary layer. Hence, the production of kinetic energy 

equals the dissipation of the quantity. Therefore the spatial extension for 
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recirculation zones is poorly predicted by the k-ε model. Furthermore, the k-ε 

model has showed poor agreement with experimental data in swirling flows. 

 

 

5 CFD 

 

5.1 History of CFD 

 

The question of who performed the earliest CFD calculations is uncertain. 

During the first half of the 20th century, Lewis Fry Richardson developed the 

first numerical weather prediction system using finite difference approximations 

to divide physical space into grid cells. In the same time frame, numerical 

solutions on flow past circular objects were conducted. A huge achievement in 

the development of CFD was made during the 1960s when a fluid dynamic 

division group at Los Alamos National Laboratory contributed to many 

numerical methods that are still used today. Such methods include Particle-In-

Cell (PIC), Vorticity-Stream function Method, Marker-And-Cell (MAC), 

Implicit-Continuous-Fluid-Eulerian (ICE) and Arbitrary Lagrangian-Eulerian 

(ALE). During the 1970s, a group led by Dudley Brian Spalding from the 

Imperial College in London developed parabolic flow codes, the Semi-Implicit 

Method for Pressure-Linked Equations (SIMPLE) algorithm. In 1972, Spalding 

together with Launder developed the standard form of the k-ε model, which is 

widely used today in the industry. 

 

During the 1980s, the development of commercial CFD took a huge leap to the 

industry as companies went from creating in-house codes to accepting 

commercial packages. With a set of complex non-linear mathematical 

expressions that describe fluid flow, heat and mass transfer, and a user-friendly 

graphical interface, commercial CFD has become an essential part of numerous 

design processes in fields such as aerodynamics and hydrodynamics. 

 

 

5.2 Commercial CFD codes 

 

A CFD program uses numerical methods to implement a discretisation on 

PDE and solve them. The most common PDE is the NS equations. The 

purpose of using CFD is to solve complex fluid flow relations, which is not 

feasible with standard calculus. With the help of a CFD program, it is possible 

to simulate and visualise, e.g., the airflow around a wing of an aircraft to 
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determine the drag and lift force on the wing, or the flow in a fuel cell stack to 

determine whether the flow and the design of the channels are proper for a 

certain product. 

 

Most commercial CFD codes, including Comsol, involve three main elements: 

 

 

Fig. (6). Representative elements for a general CFD code 

 

The pre-processor constitutes a computational domain, which can be designed 

by the user in the CFD code or imported from an external Computer Aided 

Design (CAD) program. Mesh grid generation is an essential part of the 

simulation process. It represents a grid that divides the computational domain 

into subdomains in which the PDEs are discretised and solved numerically at 

the nodes of the grid intersections. In general, large numbers of cells wield 

better solution accuracy. Numerous commercial codes such as Fluent, CFX, 

Numeca and Comsol comprise their own mesh grid generation features. 

Moreover, major CFD codes are compatible with external CAD and mesh 

generator programs such as Patran, I-Deas and Icem. Hence, more advanced 

mesh grid structures can be imported to the CFD codes. In recent CFD codes, 

predefined PDEs along with material property libraries are accessible for the 

user. Such PDEs include various physical processes, such as turbulence, 

diffusion, heat transfer, etc. 

 

The Finite Difference Method (FDM) is one of the methods used to discretise 

the equations of flow for computational solution. The method approximates 

the solution to algebraic equations using Taylor-expansion series through a 

forward, backward and/or central difference scheme. The Finite Volume 

Method (FVM) discretises a small volume surrounding a node point on a mesh. 

This method generate conservative PDEs as the flux entering a given control 
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volume is identical to that leaving the adjacent volume due to the divergence 

theorem. In the Finite Element Method (FEM), the PDEs over the elements 

are approximated by local functions, such as polynomials, resulting in a linear 

system of algebraic equations. The boundary and initial value conditions are 

formulated in either weak or integral form. Unlike the FDM, the mesh grid for 

the FEM is not required to consist of orthogonal lines. Instead, the subdivided 

elements are unique as the grid could be shaped as tetrahedrons or hexahedrons 

for a 3D domain. This results to the fact that the FEM is more flexible as more 

complicated geometries can be treated. 

  

Due to increased implementation of commercial CFD codes in the industry, the 

graphic capabilities of such programs have vast and versatile data visualisation 

toolboxes. Output data can be presented in 2D and 3D with colour, vector, 

contour line, and streamline plots. Typical output data are velocity patterns, 

heat flux, temperature and pressure distribution. 

 

 

5.3 Modelling in COMSOL 

 

5.3.1 Finite Element Method 

 

The discretisation method used in Comsol is the FEM. The development of the 

FEM began in the middle of the 20th century mostly for structural analysis in 

civil engineering. The method evolved as it gathered a strong mathematical 

foundation and has since been generalized to several fields of applied 

mathematics for numerical modelling, such as fluid mechanics. 

 

The method subdivides an object into small finite-size elements. Each element 

is described by a number of Degrees of Freedom (DOF) in which a set of 

characteristic equations are solved simultaneously. The finite element 

approximations of PDEs are found in the linear space functions. This space is 

called the finite element space. A brief introduction of simple problems is 

presented as we discuss polygonal, planar domains. 

 

The concept of the method is that a known surface is represented by an 

approximate surface: 

 

                    (18) 
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For a one-dimensional problem, the curve is approximated with a linear 

interpolation. If   and   are the endpoints of an interval,        , a number 

of points (nodes) are selected on the interval: 

 

                       (19) 

 

The piecewise linear interpolant       is formed by connecting each node with 

a neighbouring node, see Fig. (7). 

 

 
Fig. (7)

3
. I curve and it's piecewise linear interpolant 

 

Each node is associated with a basis function      . In numerical analysis, a 

basis function provides an interpolating function of a curve or surface in the 

function space, see Eq. (20).  

 

            
   
            (20) 

 

In two dimensions, the approximation of the function is on a surface and it is 

done by introducing a triangulation       in which         is defined on 

each triangle. 

 

                                                 
3Introduction to the Numerical Analysis of Incompressible Viscous Flows, pp. 18 
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Fig. (8)

4
. A finite element space formed as a hat-function 

 

The triangle is a finite element space. For the finite element space,    is a linear 

or higher order polynomial on each mesh element with value 1 in node   and 0 

in all other nodes. In other words, the     DOF is 1 and other DOFs are 0. A 

few basic conditions are required for creating a triangulation; the triangles are 

conforming which indicate that the vertex of one triangle cannot be positioned 

on the edge of another triangle; the triangles are not close to straight lines; no 

triangle has all three vertices on a part of the boundary. 

 

 

5.3.2 Numerical Instabilities 

 

There are techniques applicable for handling numerical instabilities without 

having to refine the mesh structure further. In the case of a Galerkin finite 

element method (GFEM), which is used in Comsol, an artificial diffusion 

coefficient can be applied to Comsol’s generic scalar convection-diffusion 

transport equation: 

 
  

  
                  (21) 

 

Eq. (21) is a general PDE in Comsol, which describes transport phenomena, 

such as heat, mass and momentum transfer. In the case of momentum transfer, 

  represents the convective velocity vector,   is the diffusion coefficient, which 

represents the viscosity in this case,   is the transported scalar and F is a source 

                                                 
4
 Introduction to the Numerical Analysis of Incompressible Viscous Flows, pp. 19 
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term. When discretising Eq. (21), the Péclet (Pe) number indicates instability 

when the value surpasses one. 

 

    
    

  
      (22) 

 

The dimensionless quantity Pe was deduced by the French physicist Jean 

Claude Eugène Péclet during the first half of the 19th century. The quantity is 

defined as the ratio of the rate of advection of a quantity due to the influence of 

a fan or pump, to the rate of diffusion of the same quantity due to gradients. In 

this case, Eq. (22) indicates that it is preferable that the convective term has a 

low value and/or that the size of the mesh cell ( ) is small in order to keep 

    . Generally speaking, simulation of airflow with high velocity requires a 

dense mesh structure.  Moreover, when treating fluids with high viscosity, such 

as oil, damps the effect of oscillations due to the coefficient   is in the 

denominator of Eq. (22). 

 

The isotropic diffusion coefficient is implemented by adding a term to   in. Eq. 

(21) 

 

                (23) 

 

The tuning parameter     has its default value at 0.5. Hence, the modified 

transport equation is: 

 
  

  
                        (24) 

 

in which the new Pe number is: 

 

    
    

       
    (25) 

 

The new Pe number will not exceed one if     approaches infinity. The tuning 

parameter, however, should be set as low as possible given the fact that the new 

modified transport equation could present solutions that deviate too far from 

the original problem. 
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5.3.3 Boundary conditions in COMSOL 
 

In Comsol, there are several pre-defined boundary conditions for fluid flow, 

heat and mass transport. These conditions are implemented by the user 

depending on the physical conditions surrounding the computational domain. 

The boundaries are characterised as exterior if they encompass the 

computational domain. The interior boundary condition is a dividing interface 

between two subdomains for the entire computational model, see Fig. (9). 

 

 
Fig. (9). Representation of an exterior and interior boundary 

 
For interior boundary conditions, Comsol ensures continuity of fluxes across 

the interfaces in most cases. 

 

In CFD, there are two basic types of boundary conditions: 

 

 The Dirichlet boundary condition 

 The Neumann boundary condition 

 

Classical boundary conditions such as the No-Slip, constant pressure and 

temperature are characterized as Dirichlet conditions. 

 

 
   
    

    

       (26) 

 

The general heat flux condition is a typical Neumann condition as the 

temperature on the wall is not fixed. 
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                (27) 

 

Even though a constant heat flux is defined at the boundary, the absolute value 

of the temperature may vary spatially. 

 

In Comsol, the generic notations of the boundary types are: 

 

                  (28) 

 

         (29) 

 

The coefficient   represents the physical quantity, such as temperature, 

concentration and/or velocity. The Neumann condition specifies the normal 

derivative of the quantity at the boundary, see Eq. (28).  The term    , of Eq. 

(28), represents the diffusive term,    is the convective term, and   represents 

a source term. Eq. (29) represents the Dirichlet condition, which specifies a 

constant value on the boundary of the domain. Hence, the value   is applied at 

the boundary. The weight coefficient   is a      matrix where   is the 

number of dependant variables. 

 

 

6 Volume-Averaged Method 
 

Numerical-based design of geometrical structures is common when studying 

systems involving heat exchangers, which are central components in several 

fields, such as industrial, vehicle and household systems. In refrigeration 

systems, the heat exchanger plays an important role in the improvement of 

system performance. Jeong et al. (20) conducted a numerical and experimental 

analysis on a plate heat exchanger in a refrigeration system. They applied a 

standard k-ε model to examine internal flow patterns, temperature distribution 

and pressure distribution for chevron, elliptic and round embossing plates. 

Kalaiselvam et al. (21) analysed numerically the heat transfer and the pressure 

drop characteristic of a tube fin heat exchanger in an ice slurry HVAC system. 

Bhowmik and Lee (22) studied numerically the variation of the Fanning friction 

factor and Colburn heat transfer factor relative the Reynolds number in an 

offset strip fin heat exchanger. They applied a semi-implicit method for 
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pressure linked equations (SIMPLE) to solve the continuity and convection-

diffusion equation. 

 

 
Fig. (10) and (11). A cross section of a tube-fin heat exchanger and a closer look at the 

arrangement of fins and tube bundles 

 

The geometrical structures of heat exchangers generally comprise narrow 

placed fins and tube bundles. Several studies on numerical analysis of heat 

exchangers involve modelling of representative geometrical structures to obtain 

time efficient simulations. Creating a mesh grid for a geometrically compact 

heat exchanger generally results in a dense structure, which is seldom feasible 

for personal computer usage. However, in recent years, researchers have taken 

an approach involving volume averaged equations when analysing heat 

exchangers. The purpose is to reduce the computation time by eliminating a 

dense mesh grid on the compact model, which is regarded as a porous medium. 

This study was inspired by work of Forsberg and Persson (19). 

 

Horvat and Catton (23,24) created a fast running computational algorithm 

based on a volume-average technique to simulate airflow through an aluminium 

chip heat sink. The method enables them to investigate possible geometry 

improvements to achieve a higher thermal effectiveness. Jeng (25) employed a 

porous model, which constitutes the Brinkman-Forchheimer model, and a two-

equation heat transfer model to numerically examine the side-bypass effect on 

the fluid flow and heat transfer on a square pin-fin heat sink placed in a 

rectangular channel. Roos et al. (26) simulated a fuel cell stack with a two-step 

procedure in which they first employed a finite element scheme to achieve 
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effective parameters for transport equations; secondly, they utilised the 

quantities to simulate a 2D model. Jacimovic et al. (27) conducted experimental 

analysis on three plate finned tube heat exchangers and established a new 

correlation for estimation of the pressure drop as they considered the airflow 

and the heat exchanger as a porous medium. 

 

A porous medium is characterised as a material containing structured or 

unstructured net of solid material. The resulting pores in the material are usually 

filled with fluids such as air or water. Natural porous materials are wood, soil 

and rock for instance. These materials are generally characterised with porosity, 

which is a measure of the void space in the material. One of the first scientists 

to study fluid flow in porous medium was the French engineer Henry Darcy. 

His famous Darcy’s law was used to solve problems such as water transport in 

an aquifer, or oil migrating to a well. These processes of fluid transport are 

characterised by low flow velocity and a dense structure of pores in the 

material. Hence, momentum losses caused by shear stress is neglected as the Re 

number is insignificant. A homogenization of the pore structure and the fluid 

into one single medium is a common approach in using Darcy’s law in which 

the pressure gradient is the major driving force. 

 

   
 

 
             (30) 

 

In this equation,   is the permeability of the porous medium and it represents 

the resistance of the flow in the medium. Along with the pressure   , the 

influence of the gravitational term      is a driving force of the flow. 

However, dealing with a horizontal flow transport, the term is disregarded. 

 

In heat exchangers regarded as porous mediums, generally the Re number is 

higher. Hence, the effect of inertia has to be considered. The concept of the 

volume-average equation was established when the effect of inertia on flow 

through a porous material was characterised macroscopically. This equation was 

originally called the Forchheimer equation and is presented as Eq. (31).  

 

                  (31) 

 

  and   are vectors that denote the volume force (N/m3) and velocity field 

(m/s), respectively. The    and    coefficients represent laminar and turbulent 
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resistance, respectively. In the case of a heat exchanger, all internal fins and 

tube bundles that cause flow resistance are replaced with  . Hence, the term is a 

representation of a sink which is described in the divergence theorem in Eq. (3). 

A simplification of this statement is described in the NS equations. Eq. (33) is a 

symbolic notation of the NS equations in Comsol, which is equivalent to Eq. 

(7). 

 

          (32) 

 

                              (33) 

 

Shear stress forces exerted on the fluid from the fins, stagnation and separation 

of boundary layers at the tube bundles are treated in Eq. (33). These flow 

effects are quantified through a force balance of the control volume. 

Correlating the force balance with the velocity of the fluid, the resistance 

coefficients can be determined in which volume averaged equations of the force 

field are presentable. Through a dimensional analysis, the laminar resistance 

coefficient (  ) represents energy losses due to viscous forces at the air-fin 

interface. The turbulent resistance coefficient (  ) is related to the properties of 

the porous medium as it is related to inertial forces. 

 

If Eq. (31) is to be modelled in 3D-space, the vectors   and   consist of three 

elements that represent the x, y, and z directions. Hence, the laminar and 

turbulent resistance coefficients are represented as     matrices. 

 

 

  

  

  

   

    
    

    

    
    

    

    
    

    

  

  

  

  

      

    
    

    

    
    

    

    
    

    

  

  

  

  

  (34) 

 

The directions of each element in the matrices are illustrated in Fig. (12). 
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Fig. (12). Representation of the resistance coefficient in a tensor field 
 

The left index represents the normal direction of the plane in which the vector 

is located at. The right index represents the direction of the vector quantity. 

Hence, the direction and the magnitude of the velocity field will determine 

which resistance coefficients are active in the control volume 

 

The process of establishing a model that is represented by volume averaged 

equations is initiated by studying the geometry of the heat exchanger in order to 

determine a so called representative elementary volume (REV). The REV 

model is characteristically related to the heat exchanger in terms of flow 

geometry and boundary layer development. The purpose of the REV model is 

to reduce the number of mesh elements while still achieving a correct pressure 

drop and volume flow (  -p) correlation. The questions involving the 

determination of the REV model is how the boundary layer is developed and 

which derivatives and parameters are dominant in the x-, y- and z- directions 

which is discussed briefly in Chapter 4.3. With such knowledge, the physical 

dimension of the heat exchanger can be expressed using an elementary volume 

without altering the   -p correlation, see Fig. (13). 
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Fig. (13). Representation of the REV model 

 

The determination of the resistance coefficients are established in the REV 
model. The volume averaged equations, see Eq. (33), are sequentially 
implemented in the Volume Averaged Model (VAM). As the arrangement of 
fins and tube bundles are removed, the porosity of the heat exchanger has to be 
considered. 
 

      
      

    
    (35) 

 
 

 
Fig. (14). Main procedures in the volume averaged method 

 

The ratio of the inlet/outlet surface area and the volume flow rate is changed 

due to the removal of the internal structure. The constraint in the VAM-model 

is that the relation between the volume flow rate and the pressure force is equal 

to the relation in the REV-model. Hence, the resistance coefficients are scaled 

REV

VAMEXP
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with the porosity of the heat exchanger in order to maintain a correct volume 

flow rate. 

 

 

7 Summary of Paper I 

 

In this paper, a heuristically determined design process on the geometry near 

the front trap door of an internal duct system was established by implementing 

the CFD code Comsol as a toll for communication. The design process follows 

a chain of procedures presented in Fig. (3). These procedures include two 

counterparts as the airflow in the duct is simulated at one end and the geometry 

modifications are conducted at the other end. The objective of this process was 

to find how CFD data could be used for communicating the relation between 

fluid flow and geometry capabilities. The design criteria chosen for this duct 

was a pressure drop based on Eq. (5). Multiplying each end state with its local 

velocity and then dividing the balance equation with the volume flow rate yields 

the pressure drop in the duct 

 

   
   

  
     (36) 

 

The second design criterion is a normalized standard deviation coefficient 

which describes the uniformity of flow at the section. 

 

  
 

 

 
       

 
   

 
      (37) 

 

These design criteria was used to assess two geometry modifications on the 

duct near the front trap door. The second modification of the geometry 

showed good improvements as the pressure drop was reduced with 

approximately 23% and the uniformity increased with approximately 3%. 

 

 

8 Summary of Paper II 

 

In this study, a tube – fin heat exchanger unit, which is an integral component 

of a heat pump tumble dryer, was analysed numerically. The unit which is 

placed in the internal duct system of the tumble dryer involves heat, mass and 



42 

 

fluid flow processes. A two-step simulation procedure was conducted wherein 

the first step was to create a REV of the heat exchanger unit. In the REV 

model, the airflow patterns were simulated with the NS equations, see Eq. (33), 

and the flow patterns are presented in Fig. (16). 

 

 
Fig. (15). Boundary conditions in the REV model 

 

 
Fig. (16). Airflow velocity represented with a colour and streamline plot 

 



43 

 

The VAM model was developed based on several u-F correlations from the 

REV model. The correlations were inserted in Eq. (31) in which a least square 

method was applied in a MATLAB code in order to achieve an approximate 

solution of    and   . The second step was to implement the equation in the 

entire heat exchanger unit which is considered as a porous medium (VAM). A 

comparison of the magnitude of the volume flow rate and pressure drop is 

presented in Fig. (17). 

 

 
Fig. (17). A comparison of the   -p correlation for the REV and VAM model 

 
The REV and VAM model shows good agreement as the   -p correlation 

differs with approximately 0.21 %. Moreover, experimental measurements 

showed good agreement with the REV and VAM model. 

 

 

9 Discussion 

 

CFD usage has increased in recent years, and is continuously increasing due to 

the demand of a thorough analysis of a wide range of subjects. The 

involvement of CFD usage in industry varies depending on the history of the 

subject and the capacity of the company. Large-scale companies usually 

encompass a CFD department, as well as large experimental laboratories. 

Moreover, CFD codes are generally developed and used within the company. 



44 

 

Continuous collaborations with the academies are also going on as PhD 

students, as well as graduate students, conduct research located at the 

companies. Small-scale industries generally lack the experience of the subject, 

and they also lack the resources, such as large-scale laboratories, computer 

clusters, and established collaborations with the academy. The comparisons 

made are widely presented as the companies that work with CFD do so in 

various scope and form. It should, however, be stated that the utilisation of 

CFD codes should be addressed owing to an increase in the dependency of the 

results. 

 

As previously stated, the evaluation of CFD results is a crucial part of CFD 

application. The evaluation relies heavily on the experience of CFD usage. It 

requires knowledge of the field to analyse fluid mechanic parameters. The 

involvement of CFD, however, requires analysing the resolution and the 

sensitivity of the mesh grid. In more or less every CFD study, a sensitivity 

analysis of the mesh grid is required as it plays an essential role in presenting 

fluid mechanic parameters. There are no specific guidelines for creating certain 

mesh grids as flow processes take various forms depending on the geometry of 

the domain. Hence, establishing a good feel for meshing requires experience in 

modelling. The analysis of fluid mechanic parameters is linked to the structure 

of the mesh grid. At certain points in a computational domain, high values of 

velocity gradients may occur in which small mesh cells are created locally. 

Depending on variations of gradients in boundary layer development, the 

growth rate of mesh cells may vary. It is not practical to create a dense mesh 

grid over the entire domain as, in general, there are locations where the flow is 

free from gradients. Moreover, the demand for computer power is reduced by 

doing so. 

 

In commercial CFD codes, such as Comsol, a single user can perform different 

task, such as designing geometry (CAD) and simulating a physical phenomena. 

However, dealing with design of industrial components, the geometry becomes 

complex. Due to the flexibility of the CFD codes, external CAD programs can 

be used to import complex geometries. Such programs generally have superior 

tools for generating advanced geometries. It is reasonable to believe that 

working with such geometry design based on fluid mechanic parameters 

requires knowledge in different fields. Numerically based material design is one 

of numerous scientific disciplines that have evolved thanks to increased 

computer power. Depending on the material and the magnitude of the project, 
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researchers and engineers of different fields are usually involved. In large-scale 

companies, it may be more effective to create a virtual experiment system that 

consists of the integration of various elements of technology, something which 

is acknowledged by Koikekoi (13). Small-scale projects may, however, be 

utilised differently. 

 

Minor collaborations concerning two counterparts involve a direct 

communication interface, which was the case described in Paper I. When 

working with a heuristically based design process, several geometry 

modifications are conducted based on guesses. Without experimental validation 

or indicative parameters, modifications such as these are not assessed properly. 

Working with CFD, it is always beneficial to use an experimental laboratory for 

validation. Then again, certain components are intricate to measure. The 

establishment of design criteria is, together with visual analysis, used to assess 

modifications. It should be noted, however, that the validity of the simulation 

in terms of absolute values, such as pressure drop, is questionable due to certain 

assumptions on boundary conditions and approximations on numerical 

instabilities. In a design process, such as the one described in Paper I, the issue 

is to make improvements based on previous models. A constant process of 

knowledge sharing is established as there is a continuous verbal communication 

about the dependency of geometry structure and flow patterns. 

 

The significance of the knowledge sharing is noticeable as minor industrial 

companies generally lack a fluid mechanic knowledgebase. As a design process 

is completed, the CAD-engineer passes on the knowledge to further design 

projects. It is hence a favourable approach to sustainable development. In 

addition, it is beneficial to a company to work with this design process. It is 

time consuming to design several prototypes and conduct flow and pressure 

measurements. In addition, it generally lacks the detailed analysis that is 

important to create a relation of fluid and geometry parameters. It is therefore 

profitable to take a numerical based approach. 

 

As previously stated, one of the main issues of CFD usage is the demand of 

computer power. This issue is dealt with in both papers I and II. The concept 

of volume averaged equations is used to exclude the complex geometry of the 

component, which in turn reduces the computation time due to a sparse mesh 

grid. Certain aspects of the development of the VAM model need to be 

considered. For instance, determining the characteristics of the fluid flow in the 
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REV model. The transversal tubes indicate turbulent flow behaviour as 

boundary layers should separate at the top and bottom of the tubes. However, 

the Re number is relatively low, as the flow passages are narrow. This indicates 

that viscous stress is not negligible compared with inertia effects. It is therefore 

questionable to apply the k-ε model to such flows. The NS equations showed 

better agreement with experimental data for this type of flow condition.  

 

The sensitivity of the mesh grid needs to be investigated in order to analyse an 

accurate resolution of the boundary layers. It is desirable to establish a model 

independent of further mesh refinement. It indicates that for the current 

boundary conditions, the gradients of air velocity and pressure should be 

calculated with a high accuracy. 

 

In the process of implementing volume forces to the VAM model, the 

determination of the resistance coefficients from the REV model needs to be 

considered. These coefficients act in the same direction as the velocity of the 

fluid. Hence, the coefficients should be determined by setting up a force 

balance and a velocity correlation, component wise. By not doing so, the 

implementation of these coefficients could present a bias in the comparison of 

the   -p correlation. Moreover, the resistance coefficients are required scaling. 

The constraint in the VAM-model is that the relation between the volume flow 

rate and the pressure force is equal to the relation in the REV-model. Hence, 

the resistance coefficients are scaled with the porosity of the heat exchanger in 

order to maintain a correct volume flow rate. 

 

As previously stated,    represents energy losses due to viscous forces at the 

air-fin interface. The turbulent resistance coefficient    is related to the 

properties of the porous medium as it is related to inertial forces. A great deal 

of research has been conducted on what these coefficients represent and how 

they are determined, mainly empirically. In order to achieve a greater 

comprehension of these coefficients, other geometry forms could be analysed 

numerically. For instance, the tubes in the heat exchanger, in paper II could be 

removed in order to study a simple channel flow with a low Re number. With 

the same procedure in paper II, new resistance coefficients are established. 
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10 Future Research 

 

There are several interesting issues that have yet to be studied in this thesis. The 

studied geometry in paper I and the heat exchanger unit constitute, together 

with the remaining components in Fig. (1), the internal duct system of a heat 

pump tumble dryer. It is desirable to simulate the airflow in the entire internal 

duct system. Due to the limited computer capacity, however, each component 

of the duct system is studied separately. It is possible to take advantage of a 

computer cluster network in order to simulate the complete duct system. Then 

again there are separate components in the duct system, such as the heat 

exchanger unit and the fan, which are challenging to simulate. Implementing 

the VAM model would still reduce the amount of mesh elements significantly. 

A similar approach may be conducted on the fan as the rotor blades could be 

replaced with volume forces representing the drag and lift forces caused by the 

blades on the fluid. 

 

Further analysis of the heat exchanger unit is needed to investigate the 

possibility to solve the heat transfer problem with a similar approach. Hence, 

certain options will be examined in replacing the tube bundles with a heat 

source and sink. In order to do so, the NS equations are required to couple 

with the heat transfer equations. The establishment of a VAM model coupled 

with heat transfer enables the user to analyse the efficiency of the heat 

exchanger unit using time efficient numerical simulations. 
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CFD as a Tool for Analysis  
of Complex Geometry

There is a constant development and expansion of CFD usage in the industry today. 
Hence, certain issues need to be addressed as they are frequently encountered. Numerous 
complex flow topics today require computer cluster networks due to the vastness and 
complexity of control volumes and flow processes respectively. This requirement is not 
accessible for all companies. Secondly, the implementation of commercial CFD codes in 
minor industrial companies is generally utilized as a black box based on the knowledge 
on fluid mechanic theory. In addition, increased partnerships between industry and the 
academic world involving various CFD based design processes generally yields to a verbal 
communication interface. It is a vital step to amplify the communication process given 
the fact of the level of dependency between both sides. 

The aim of this thesis is to present methods of CFD analysis based on these issues.  
In paper I, the CFD code is utilized as a communication tool in an integrated design  
process. The design is conducted on a limited geometry in an internal duct system of a 
heat pump tumble dryer. The design was performed by a CAD-engineer in which the 
geometry modifications were based with visual data and assessed with two design criteria. 
In paper II, volume-averaged equations were implemented in a tube-fin heat exchanger in 
order to simulate and calculate airflow and pressure drop respectively. The purpose of the 
volume-averaged equations was to eliminate the arrangement of fin and tube bundles with 
the intention of reducing computation time.
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