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Abstract 
 

Title:    Design of a 12 kW air-cooled water chiller  

Author:    Samantha Ayres 

Student Number:   10261720 

Supervisor:   Professor J.P. Meyer 

Starting date:   11 February 2013 

Finishing Date:   27 May 2013 

Internationally there is a lack of energy, and especially in South Africa, which has resulted in an 

increasing energy efficiency demand. Systems are required to operate at higher efficiencies. Chillers 

are becoming more common in air-conditioning, industrial and aerospace applications and thus a 

chiller with a coefficient of performance (COP) greater than 2.2 is required, in order to meet the 

energy efficiency demands. The aim of this design project is to design a chiller with a COP of 2.2 or 

greater, which chills water from a temperature of 20°C to a temperature of 10°C, at a flow rate of 

1000 l/hr. The refrigerant used is R-134a, which is environmentally friendly. Incorporated in this 

report is the literature study, which discusses the components of the chiller and the detail design of 

the chiller, including the specifications of the standard components and the designs of the heat 

exchangers. The standard components specified for this chiller are the compressor, suction 

accumulator, expansion valve, fan and water pump. The housing of the entire system was also 

designed. Concept generation and concept selection are very important to this project; because it is 

through this that the most efficient and compact designs are determined and decided upon. Detail 

designs of the condenser, evaporator, condenser distributor and base plate were done. Different 

analyses are also included which are used to determine whether the chiller is functional and useable. 

These analyses include manufacturing analysis, maintenance analysis, reliability analysis, 

qualification requirements, environmental and safety impacts and cost analysis. The total cost of the 

design was found to be R27 822.00. 
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Nomenclature 
 

As Surface area m2 
Ac Cross-sectional area m2 

C Specific heat J/kgK 
cf Friction coefficient  
d,D Diameter m 
Dh Hydraulic diameter m 
g Gravitational acceleration m/s2 
Gr Grashof number 

h Convection heat transfer coefficient W/m2
K 

I Electric current A 

k Thermal conductivity  W/mK 
L Length m 
Lc Corrected length m 
m Mass kg 
ṁ Mass flow rate kg/s 
Nu Nusselt Number 
p Perimeter m 
P Pressure Pa 
Pr Prandtl number 
 ̇ Heat flux W/m2 
Q Total heat transfer J 

 ̇ Hear transfer rate W 
rcr Critical radius of insulation m 
R, r Radius m 
R Thermal resistance K/W 

Rc Thermal contact resistance  m2
K/W 

Rf Fouling factor 
R-value R-value of insulation 
Ra Raleigh number 
Re Reynolds number 
St Stanton number 
t Time s 
T Temperature °C or K 
Tb Bulk fluid temperature °C or K 
Ts Surface temperature °C or K 

U Overall heat transfer coefficient W/m2
K 

V Voltage V 
V Volume m3 
V  Velocity m/s 
Vavg Average velocity m/s 

 ̇ Power W 
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Greek Letters 

Α Thermal diffusivity m2/s 
ΔP Pressure drop Pa 
ΔTlm Log mean temperature difference 
ε Emissivity 
ε Roughness size m 
ηfin Fin efficiency 
ηth Thermal efficiency 

μ Dynamic viscosity kg/ms 
ν Kinematic viscosity m2/s 
ρ Density kg/m3 
θ Dimensionless temperature 
 

Subscripts 

atm Atmospheric 
avg Average 
b Bulk 
cond Conduction 
conv Convection 
e Exit conditions 
i Inlet, initial conditions 
o Outlet conditions 
s Surface 
surr Surroundings 
sat Saturated 
sys System 
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Chapter 1 

Introduction 

1.1 Background  

A chiller is a system which functions to chill or cool water to desired temperatures which is usually a 

temperature of about 10°C. This is a thermodynamic vapour compression system which can be used 

for air-conditioning, industrial and aerospace applications.  

An inlet of water at a temperature of about 20 to 30°C flows through a heat exchanger which works 

as an evaporator. This is to remove the heat and thus cools the water. A cold refrigerant is generally 

used to boil the gas, and the pressure is increased using a compressor. This vapour is then at a 

temperature higher than that of the ambient. The heat absorbed from the water, and the work of 

the compressor is then released to the environment, and as a result, the refrigerant is condensed. 

The refrigerant then flows through an expansion valve which decreases the temperature, before it 

once again flows through the evaporator and the cycle begins again. 

 

Figure 1: Schematic of chiller 
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Scope of Work 

1.2 Problem Statement 

The Coefficient of Performance (COP) of a chiller is approximately two, and in some cases, less than 

two. A more efficient chiller is therefore required and therefore one with a higher COP. This increase 

in efficiency is better for the environment and from an energy point of view.  

1.3 Objective 

The objective of this project is to design a chiller with a COP of 2.2. This increase in the COP has its 

benefits for the environment, as it would be more efficient, and therefore energy can be saved. The 

entire system layout must be designed accurately. Some standard components will be used, and 

some will be newly designed. 

1.4 Requirements 

Calculations will need to be done in order to select the standard components, and to guide with the 

newly designed components. Pressures, temperatures and flow rates will need to be known to 

design the heat exchangers and to ensure that the COP of 2.2 is achieved. The system must be 

designed and manufacturing drawings submitted. These drawings include one compilation drawing 

and four detail designs (two hand-drawn, and two using software). 

1.5 User Requirements 

A chiller is to be designed in order to accommodate air-conditioning, industrial and aerospace 

applications. The chiller must operate with a Coefficient of Performance (COP) of at least 2.2. It must 

accommodate for a flow rate of 1 000 l/hr of water. This water must be produced at 10°C, with an 

inlet water temperature of 20°C. The ambient conditions used for the design of this chiller must be 

that of Pretoria.  
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Chapter 2 

Literature Study 

2.1 Introduction 

This literature study will look at possible designs with respects to the components of the system. 

Heat exchangers, expansion valves, suction accumulators and the compressor theory will be 

discussed. Heat exchangers are to be designed whereas the expansion valve, compressor and 

suction accumulator are to be standard components. Therefore more in depth designs of different 

types of heat exchangers will be discussed, both for condensers and evaporators.  

2.2 First Law of Thermodynamics 

As stated by Borgnakke and Sonntag (2009), “The first law of thermodynamics states that during any 

cycle, a system (control mass) undergoes, the cyclic integral of the heat is proportional to the cyclic 

integral of the work”. Essentially, this law is the conservation of energy, energy in equal’s energy 

out. It is defined by the equation: 

         

Where E is the energy of the system and comprises of the internal energy, kinetic energy and 

potential energy. The first law of thermodynamics for a state change is defined as: 

       (  )   (  )        

Where U is the internal energy, which is all other energies associated with the thermodynamic state 

of the system. When substituting for the different energies, the first law may be written as: 

      
 (  

    
 )

 
   (     )          

The first law of thermodynamics may also be written in terms of the rate, and is defined as: 

  

  
  ̇   ̇ 

Or as: 

 ̇(     )  
 ̇(  

    
 )

 
  ̇ (     )    ̇    ̇  

Where ‘u’ is the specific internal energy and ṁ is the mass flow rate. 

When considering a control volume instead of a control mass, the changes that occur to the above 

equation, are that the enthalpy is used instead of the internal energy, and the energy term is 

comprised of possibly more than one inlet and/or outlet.  
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This equation for the steady state process is:  

 ̇   ∑  ̇ (   
 

 
  

     )
̇

 ∑  ̇ (   
 

 
  

     )
̇

  ̇   

2.3 Coefficient of performance 

The coefficient of performance is linked to the efficiency of the system. It may be defined as the 

ratio of the energy sought, to the energy that costs (work done) (Borgnakke & Sonntag, 2009), or by 

the equation for cooling: 

  
   (             )

  (                 )
 

  

     
 

Another equation for the coefficient of performance exists for heating and this is: 

   
   (             )

  (                 )
 

  

     
 

A relationship exists between the two different coefficient of performance for heating and cooling, 

and this is defined as: 

        

A household refrigerator has a COP of about 2.5, whereas a deep-freeze unit has one which is closer 

to 1.0 (Borgnakke & Sonntag, 2009). 

2.4 Vapour-Compression Refrigeration Cycle 

The refrigeration cycle is discussed briefly because this is the system in which the refrigerant of the 

chiller flows. The only addition is through the evaporator, where the water for the air-conditioning 

or industrial application is cooled.  The two figures below (Borgnakke & Sonntag, 2009) show the 

vapour-compression refrigeration cycle, and this ideal process will be discussed afterwards. 

 

 

Figure 2: Schematic of the ideal vapour-compression refrigeration cycle 
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As mentioned before, this is the ideal refrigeration cycle for a working substance which undergoes a 

phase change in the process.  

It can be seen that state 1 is saturated vapour and state 3 is saturated liquid from the Temperature-

Entropy diagram. When considering the green path, from point 3 to point 4, isentropic expansion 

occurs, resulting in a two-phase region (but mostly liquid). Usually the path from point 3 to point 4 

would incorporate a turbine. The minor work output, however, would not be enough to warrant the 

inclusion of this piece of equipment, and thus an expansion valve is included, to enable throttling. 

This cycle is termed the ideal model for the vapour-compression evaporation system. Some 

important properties for this system are: 

 A reversible adiabatic process occurs between point 1 and point 2.  

 Heat is rejected from point 2 to point 3 during an isobaric process (condensation).  

 The process (evaporation) between point 4 and point 1 is also an isobaric process.  

 The throttling process is an adiabatic process. 

The other cycle (blue) shown on the Temperature-Entropy diagram, is the ideal Carnot cycle. In this 

cycle, the fluid remains in the two-phase region. 

It is important to note that the coefficients of performance for the above cycle are:  

Refrigeration system: 

  
  

  
 

Heat pump: 

   
  

  
 

Figure 3: Temperature-entropy diagram of the ideal vapour-compression refrigeration cycle 
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This is due to the fact that there is a constant flow rate throughout this system, and therefore the 

specific work and specific heat (energy sought) can be used.  

2.5 Compressor 

The function of a compressor is to increase the fluid pressure by shaft work or power. The rotary 

compressor is the most common fundamental type and makes use of either axial or centrifugal flow. 

The fluid enters the compressor at a low pressure and exits at a high velocity, due to the shaft work 

which causes the blades to rotate. A compressor and a pump are the same piece of equipment. The 

only difference is that a compressor is used for gases, and a pump for liquids. Different types of 

compressors exist: reciprocating compressors, rotary screw compressors, rotary sliding vane 

compressors, and centrifugal compressors. 

A reciprocating compressor, also known as a piston compressor, is a positive displacement 

compressor. Ideally, the flow rate is constant for any pump head; however, slippage can result in a 

decreased flow rate at large pump heads. Essentially an air chamber is filled and then the volume is 

decreased, which compresses the gas. These are the most common types of compressors (Davey 

Compressor Company). 

Rotary screw compressors, also positive displacement compressors, work with two helical mated 

screws and their housing. The spaces between these components are filled with air, and the volume 

is decreased as the screws are turned. This increases the air pressure. Lubrication occurs by the 

injection of oil into the bearing and compression area (Davey Compressor Company). 

Rotary sliding vane compressors are also positive displacement compressors. The components of 

this compressor are a rotor, stator, and 8 blades. As the rotor turns a revolution, the volume goes 

from a maximum at the intake, to a minimum at the exhaust. Oil is injected along with the air (Davey 

Compressor Company). 

Centrifugal pumps are filled with liquid, through a suction nozzle (eye), while the impeller rotates. 

The liquid gets trapped between the blades of the impeller. The impeller is connected to a shaft 

which is driven by a motor. The rotation of the impeller causes energy to be transferred to the liquid. 

The velocity of the liquid increases as it moves towards the outside edge of the impeller, or the 

vanes. As the fluid accelerates towards the exit velocity (at the diameter), a low pressure zone is 

created at the eye of the impeller. This is shown by Bernoulli’s law, which states that as the velocity 

increases, the pressure decreases. The flow of liquid out of the vanes allows for more liquid to enter 

the impeller eye. This is due to the fact that the pressure decreased. The casing around the impeller 

is termed the volute. The liquid that is expelled from the impeller is collected here. This is where the 

high velocity is converted to a high pressure (Bernoulli in reverse) (Bachus & Custodio, 2003). Figure 

4 shows a centrifugal pump (Dholariya, 2012). 
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Figure 4: Centrifugal pump (Dholariya, 2012) 

The table below summarises the advantages and disadvantages, for different pump types, as stated 

by Davey Compressor Company. 

Type  Advantages Disadvantages 

R
e

ci
p

ro
ca

ti
n

g 

C
o

m
p

re
ss

o
r 

 Simple design 

 Lower initial cost 

 Easy to install 

 Two stage models offer the highest 
efficiency 

 No oil carryover 

 Large range of horsepowers 

 Special machines can reach extremely high 
pressures 

 Higher maintenance costs 

 Many moving parts 

 Potential for vibration problems 

 Foundation may be required depending 
on size 

 Many are not designed to run at full 
capacity 100% of the time 

R
o

ta
ry

 S
cr

ew
 C

o
m

p
re

ss
o

r 

 Simple design 

 Low to medium initial cost 

 Low to medium maintenance cost 

 Two-stage designs provide good efficiency 

 Easy to install 

 Few moving parts 

 Most popular compressor design in plants 

 Limited airend life 

 Airends are not field serviceable 

 High rotational speeds 

 Shorter life expectancy than other 
designs 

 Oil injected designs have oil carryover 

 Single-stage designs have lower 
efficiency 

 Two-stage, oil-free designs have higher 
initial cost 

 Difficulty with dirty environments 

R
o

ta
ry

 V
an

e 

 C
o

m
p

re
ss

o
r 

 Simple design 

 Easy to install 

 Low to medium cost 

 Low maintenance cost 

 Field serviceable airend 

 Long life airend 

 Low rotational speeds 

 Very few moving parts 

 Forgiving to dirty environments 

 Oil injected designs have oil carryover 

 Single-stage designs have lower 
efficiency 

 Difficulty with high pressures (over 200 
psi) 

 Oil-free designs are unavailable 
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C
en
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if
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ga

l C
o

m
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ss

o
r 

 High efficiencies approaching two-stage 
reciprocating compressors 

 Can reach pressures up to 1200 psi 

 Completely packaged for plant or 
instrument air up through 500 hp 

 Relative first cost improves as size 
increases 

 Designed to give lubricant free air 

 Special foundations 

 High initial cost 

 Complicated monitoring and control 
systems 

 Limited capacity control modulation, 
requiring unloading for reduced 
capacities 

 High rotational speeds require special 
bearings and sophisticated vibration 
and clearance monitoring 

 Specialized maintenance considerations 
Table 1: Advantages and disadvantages for different compressor types 

The efficiency of a compressor or pump is given by the equation:  

      
  

 
 

      

     
 

Where‘s’ denotes the isentropic cycle. Therefore the efficiency of a compressor is the ratio of the 

isentropic work to the actual work.  

2.6 Expansion Valve 

Expansion valves are used to perform a throttling process. Another option is to use a length of small-

diameter tubing. The fluid is transferred from the high-pressure region to the low-pressure region of 

the throttle and this is due to a restriction in the flow passage. This can be achieved by using a 

partially closed valve or a capillary tube. A capillary tube is essentially a section of tube with a 

smaller diameter (Borgnakke & Sonntag, 2009).  The restriction causes a pressure drop on the outlet 

side of the throttle. The velocity of the fluid increases due to the constant flow rate. 

 ̇                 ̇  

The relationship above shows, that for a constant mass flow rate, as the area decreases, the velocity 

increases. This is assuming a constant density. For steady-state cases, it may be assumed that the 

inlet enthalpy is equal to the outlet enthalpy for the pressure drop. A phase change may occur in a 

throttling process. 

Figure 5 below shows a basic schematic of the throttling process (Borgnakke & Sonntag, 2009). 

 

 

Expansion valves can be either thermal expansion valves (TEV’s) or electronic expansion valves. 

Electronic expansion valves can be used under tighter operating conditions than TEV’s which allow 

Figure 5: Throttling process 
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for lower system costs and energy saving due to an increased efficiency (Emerson Climate 

Technologies, 2013). 

2.7 Heat Exchangers 

2.7.1 Process Background  

Heat exchangers work on the principle of thermodynamic equilibrium, whereby, if two bodies or 

substances come into contact, the cold will get warmer, and the hot, cooler, until a median 

temperature is achieved. This is using the second law of thermodynamics.  

A heat exchanger basically undergoes a process whereby heat is transferred to or from a fluid. This 

fluid may boil (liquid to vapour) or condense (vapour to liquid) and it is either heated or cooled. An 

example of this occurs in a refrigeration system, as discussed in the vapour-compression 

refrigeration system. For a refrigeration system condenser, refrigerant vapour enters the heat 

exchanger which contains cold water pipes. The vapour is then cooled and condenses to form liquid 

refrigeration, which then exits the heat exchanger. Usually this is an isobaric process (the pressure 

drop is small and therefore negligible). No work is done on the heat exchanger and the potential and 

kinetic energies of the system are negligible. The exit velocity can, however, be calculated when 

considering the change in density and the area of the outlet compared to the inlet. The heat is 

transferred from the refrigerant to the cold water pipes. In specific terms, the first law may be 

written as: 

     
  

 

 
        

  
 

 
       

  
 ̇  

 ̇
 

  
 ̇  

 ̇
 

The figure below shoes the schematic diagram of the example discussed above ( (Borgnakke & 

Sonntag, 2009). 

Figure 6: A refrigeration system condenser 
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2.7.2 Types of Heat exchangers 

Heat exchangers are generally classified in terms of the direction of flow. Parallel-flow, cross-flow 

and counter-current flow are the three general different types of flow which exist. In parallel-flow, 

the flows move in the same direction for the hot and cold fluid, and enter and exit on the same side 

of the exchanger, adjacent to one another. In cross-flow, the cold and hot fluid move perpendicular 

to one another. In counter-current heat exchangers, the flows of the hot and cold fluid move in 

opposing directions and enter the exchanger where the other fluid exits. These counter-current heat 

exchangers tend to be the most efficient of the three general types. The composition of the heat 

exchanger is then used to classify the heat exchanger further. The composition can include multiple 

tubes or hot plates (ThomasNet.com, 2013).  

A double pipe heat-exchanger is one which has one pipe, surrounded by another. One fluid flows in 

the smaller diameter tube, and one in the larger diameter tube. These heat exchangers make use of 

parallel or counter-current flow. The counter-current flow is more effective than the parallel flow 

heat exchanger. These are depicted in the figure below (Cengel & Ghajar, 2011).   

 

Figure 7: Different flow regimes and associated temperature profiles in a double-pipe heat exchanger 

A compact heat exchanger is designed to have a large surface area per unit volume. A parameter 

which exists for these heat exchangers is the area density β. This parameter is the ratio of the heat 

transfer surface area to the volume. A compact heat exchanger typically has an area density 

β=700m2/m3. Usually only laminar flow exists and the flow passages are small. High heat transfer 

rates can be obtained in a small volume due to cross-flow. These heat exchangers are very well 

suited to situations where weight and volume are limited (Cengel & Ghajar, 2011). Figure 8 is an 

example of a compact heat exchanger (Compact Heat Exchanger, 2013). 
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Figure 8: Compact heat exchanger (Compact Heat Exchanger, 2013) 

The most common type of heat exchanger is the shell-and-tube heat exchanger. Essentially, a shell-

and-tube heat exchanger is comprised of a number of tubes parallel to, and inside a shell. One fluid 

flows through the tubes, while another flows in the shell surrounding the tubes. Baffles are 

commonly used to force the shell fluid to flow across the entire shell, as to cool or heat all of the 

tube fluid. This enhances the heat transfer. A shell-and-tube heat exchanger cannot be used for 

automotive and aircraft applications. Headers exist at either end of the heat exchanger, where large 

flow occurs (Cengel & Ghajar, 2011). An example of a shell-and-tube heat exchanger is shown in the 

figure below (Black & White, 2012). 

 

Figure 9: Shell-and-tube heat exchanger flow pattern (Black & White, 2012) 

A shell-and-tube heat exchanger can also, further be classified by the number of tube passes, and 

number of shell passes. The example above is a one-shell-pass and one-tube-pass shell-and-tube 

heat exchanger (Cengel & Ghajar, 2011). 

2.7.3 Condenser 

Condensers are a common type of heat rejection equipment. They are used to cool a liquid or gas to 

a desired temperature, usually during an isobaric process (under steady state conditions). Various 

types exist including shell type condensers, tube type condensers and direct-contact condensers. 

The most common types will be discussed further on.  
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Direct-contact condensers involve the contact between the coolant and the vapour. These are 

generally low in cost and have simple designs. However, mixing of the vapour and liquid is not 

always allowed, and this application, is not advised. Direct-contact condenser types include: the 

spray condenser, the baffled column, the packed column, the jet condenser and the sparge pipe 

(McNaught, 2011). 

1. A spray condenser basically involves the coolant being sprayed into the vessel to which the 

vapour is supplied from the compressor (McNaught, 2011).  

2. A baffled column is similar to a spray compressor; however, the coolant flows over trays in 

the column. The vapour is supplied to the bottom of the column. This condenser has 

counter-current flow which ensures better heat transfer (McNaught, 2011). 

3. The packed column condenser is comprised of metal rings which increase the interface heat 

transfer by an increase in area. This condenser is subject to a larger pressure drop 

(McNaught, 2011). 

4. The jet condenser involves a stream of liquid is directed into a vapour stream. This usually 

‘desuperheats’ the vapour. Usually counter-flow is used which increases the heat transfer 

(McNaught, 2011). 

5. A sparge pipe condenser essentially is a tube with holes in where vapour bubbles are 

injected into the liquid. This is not an efficient condenser due to the inability to distribute 

equal sized bubbles (McNaught, 2011). 

Shell-and-tube condensers are commonly used in industry. There are three main types: cross flow 

shell-side condenser, baffled shell-and-tube condenser and the tube-side condenser. Shell-and-tube 

heat exchangers were discussed previously in this chapter. 

2.7.4 Evaporator 

Two types of evaporators exist in general terms, air coils and liquid chillers (Types of Evaporators, 

2011). An evaporator is essentially a piece of equipment which accepts heat. In a vapour 

compression refrigeration system, the cold fluid moving from the expansion valve to the compressor 

accepts heat from the warmer fluid exterior to this refrigerant fluid flow. This allows the refrigerant 

to boil and therefore become gaseous so that it can be compressed.  

As stated by Types and applications of evaporators, 2010 (Types and applications of evaporators, 

2010) : 

“Evaporators are often classified as follows: 

1. Separated by means of heating evaporation of liquid heating tube surfaces, 

2. Limited by means of heating coils, jackets, double walls, flat plates, etc., 

3. Means of heating put in direct contact with the evaporation of liquid, and 

4. Heating with solar radiation.” 

The most common evaporator is that with heating tube surfaces. The circulation of the liquid over 

the surface can be accomplished in two ways: natural circulation and forced circulation. These are 

boiling and mechanical means, respectively. An important aspect of evaporators is that the flow rate 

stays constant – continuous feed and continuous discharge (Types and applications of evaporators, 

2010).  
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Shell and Tube Evaporator 

Shell-and-tube evaporators are a type of shell-and-tube heat exchanger and they are very common 

in industry. These were discussed previously in this chapter, and thus no further information will be 

given.  

Plate Type Evaporators 

Plate type evaporators are used to chill water more commonly nowadays. These evaporators are 

used because they have high heat transfer coefficients, are small and have low refrigerant charge. 

The refrigerant feed can be accomplished by a surge drum (flooding); direct expansion and forced 

liquid overfeed. The figure below shows how a plate type evaporator works (Plate-Type Evaporators, 

2011). 

 

Figure 10: A plate-type liquid chilling evaporator (Plate-Type Evaporators, 2011) 

Rising Film Evaporator 

This was the first continuous operation evaporator used in food processing.  In this system, steam 

condenses on the outside surface of the vertical tube. Liquid is brought to the boil in the centre of 

the tube. The fluid moves up the tube and this causes more vapour to form, increasing the centre 

velocity and forcing the liquid against the surface of the tube. A high vapour velocity causes a 

thinner, more rapidly rising film, which increases the heat transfer coefficients (Rising Film 

Evaporator, 2006). The figure below shows a rising film evaporator (Turbinedar Co, Inc., 2009). 

 

Figure 11: Rising film evaporator (Turbinedar Co, Inc., 2009) 
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Falling Film Evaporator 

A falling tube evaporator consists of long, vertical tubes encompassed in a steam jacket. The solution 

or feed increases in velocity as it flows downwards along the tubes, with the steam (vapour) flowing 

inside the tube. Heat then flows from the steam to the solution, and both exit the evaporator at the 

base. The figure below shows an example of a falling film evaporator (Turbinedar Co, Inc., 2009). 

 

Figure 12: Falling film evaporator (Turbinedar Co, Inc., 2009) 

Flash Evaporator 

When a saturated liquid flows through a throttling device, there is a pressure drop. This is the main 

attribute of a flash evaporator, and occurs at the entrance to the evaporator. The liquid can either 

be a single-component liquid or a mixture of single-component liquids, forming a multi-component 

liquid. Some of the saturated liquid flashes into vapour immediately as it enters the heat exchanger. 

The figure below shows an example of a flash evaporator. (Turbinedar Co, Inc., 2009) 

 

Figure 13: Flash evaporator (Turbinedar Co, Inc., 2009) 
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Fin type evaporator 

Fin type evaporators can have up to five times more surface area than plate type evaporators 

(Dometic Group). This causes an increase in the heat transfer rate and therefore the efficiency of the 

evaporator. Even though they have a larger surface area, they take up the same amount of space as 

a plate type evaporator with the same size. These evaporators are specifically well suited to “large 

refrigeration capacities and high ambient temperatures” (Dometic Group). The image below shows a 

fin type evaporator (Changzhou Xinxin Refrigerating Equipment Co., Ltd., 2013). 

 

Figure 14: Fin type evaporator (Changzhou Xinxin Refrigerating Equipment Co., Ltd., 2013) 

2.8 Suction Accumulator 

Water or liquid can break the crankshaft of the compressor if they enter it and thus a suction 

accumulator is used to prevent liquid entering it. This problem can also be solved by using a crank 

case heater. A suction accumulator is a standard component and can be bought off the shelf. 

Essentially the liquid collects at the base of the accumulator and the vapour exits at the top. Because 

oil is denser than water, the oil from the lubrication is at the bottom, but some exits with the 

vapour, through a small hole at the base, due do the shear stresses. Thus, lubrication of the other 

components is possible. Figure 15 shows an example of a suction accumulator (Shaoxing Tanle Trade 

Co., Ltd., 2012). 
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Figure 15: Suction accumulator (Shaoxing Tanle Trade Co., Ltd., 2012) 

2.9 Types of Refrigerants 

Refrigerants are replaced when less harmful and toxic ones are discovered. Ammonia and sulphur 

dioxide were used at the start of the use of vapour-compression refrigeration. These are highly toxic 

and dangerous. Chlorofluorocarbons, commonly known to be a cause of the ozone depletion, were 

contained in the most common refrigerants used for past years. These substances are stable at 

ambient temperatures (especially if they lack a hydrogen atom) and this is necessary in a refrigerant. 

Some refrigerants have shorter atmospheric lifetimes. These do not affect the ozone depletion, as 

they seldom reach the stratosphere of the atmosphere, where the ozone layer is located. The table 

below shows the replacement refrigerants (Borgnakke & Sonntag, 2009). 

Old 
Refrigerant 

R-11 R-12 R-13 R-22 R-502 R503 

Alternative 
Refrigerant 

R-123 
R-245fa 

R-134a 
R-152a 
R-401a 

R-23 (low T) 
CO2 
R-170 (ethane) 

NH3 
R-410a 

R-404a 
R-407a 
R-507a 

R-23 (low T) 
CO2 

Table 2: Alternative refrigerants 

According to the Ozone Secretariat, 2011, the Montreal Protocol was designed to reduce the 

production and consumption of ozone depleting substances in order to reduce their abundances in 

the atmosphere. This protocol was enforced on 1 January 1989. If a country has signed the 

agreement, they are subject to make changes to chemicals used, in order to prevent further ozone 

depletion (Ozone Secretariat, 2011). Some of the alternative refrigerants are discussed below. 

R-123 –  Refrigerant R-123 is a replacement for R-11 due to the negative effects of R-11 on 

the ozone layer. R-123 has an ozone depletion potential of 0.02 versus that of R-11, which is 1.0. The 

global warming potential of R-123 is 120 versus that of R-11 which is 4 600. This shows the vast 

environmental impact difference between these refrigerants, and in this environmental awareness 

period, R-123 is a much better option. These refrigerants produce similar pressures and 

temperatures in a chiller, however, a chiller using R-123 as the refrigerant will have a lower 

efficiency, and therefore a lower coefficient of performance (A-Gas). 
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R-245a –  This refrigerant shows the best efficiencies out of organic refrigerants, between 380 

and 430K. R-245a is a dry refrigerant and therefore does not condense after moving through the 

compressor or turbine, and therefore higher thermal efficiencies exist (Mago, Chamra, & Somayaji, 

2007). 

R-134a –  R-134a is a wet refrigerant and therefore needs to undergo condensation once it has 

exited the compressor. The best efficiency for R-134a can be accomplished when operating between 

temperatures of 330 and 360K. The best efficiency can also be found between pressures of 3.6 and 

4.2 MPa. R-134a has the lowest irreversibility of the organic refrigerants and requires the highest 

mass flow rates (Mago, Chamra, & Somayaji, 2007). 

R-152a –  Exposure to refrigerant R-152a can be fatal, however, long exposure to R-152a will 

not occur as once the refrigerant is in the system, it won’t be required to be replaced often. It should 

not be heated above 52°C (National Refrigerants, 2008). In 1999, investigations took place into 

whether R-152a could replace R-134a, due to its GWP (global warming potential) which is much 

greater than that of R-152a (1 300 versus 140). For both refrigerants, the ODP (ozone depletion 

potential) are zero. The saturation curves of R-152a and R-134a are quite similar (Ghodbane, 1999). 

R-401a –  This refrigerant is stable, however, it should not be mixed with oxygen at pressures 

above atmospheric (National Refrigerants, 2008).  

R-404a –  R-404a is a replacement refrigerant for R-502 and R-22, which are 

chlorofluorocarbons. Because of their negative impact on ozone depletion and global warming, 

these refrigerants are being phased out. If exposed to high temperatures, this colourless, odourless 

gas will erupt (Seubert, 2013). 

R-410a –  R-22 was a very common refrigerant for many years, however, it is a HCFC 

(hydrochlorofluorocarbon) and is a cause of ozone depletion (but less than conventional CFC’s). It 

also contributes to global warming and the greenhouse effect, both common environmental 

concerns. Since 2010, R-410a is to replace refrigerant for R-22 and is an HFC. R-410a is a mixture of 

equal parts HFC-32 and HCF-125. R-410a has a higher vapour pressure than R-22, but both evaporate 

at similar temperatures. Due to the necessity to reach higher pressures, R-22 equipment cannot be 

used with R-410a and therefore new equipment has to be designed and built (Advantage 

Engineering, 2013).  

2.10 Fouling Factor 

A new concept is that of the fouling factor. This shows how the heat exchangers performance 

deteriorates with time. This deterioration is as a result of deposits on the heat transfer surfaces. This 

causes resistance to heat transfer, and thus decreases the rate of heat transfer. This fouling factor Rf, 

measures the thermal resistance due to fouling. 

 Fouling can be caused by precipitation of the solid particles on the heat transfer surfaces. In 

industry, specifically the chemical industry, corrosion and chemical fouling can also be found. 

Biological fouling occurs when algae grows in the warm fluids. It is important to determine which 

type of fouling could be apparent in the heat exchanger, depending of the environment in which it is 

used. Then, a heat exchanger can be selected according to this factor. Typically, a larger heat 
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exchanger can be used to accommodate for the fouling effect, but these are more expensive. This 

factor increases with time and is dependent on the environment, velocity and operating 

temperature. An increase in temperature and decrease in velocity will increase fouling. Table 3 

shows representative values for the fouling factor for some common fluids (Cengel & Ghajar, 2011). 

 

 

 

 

 

 

Table 3: Representative fouling factors 

2.11 Selection of Heat Exchangers 

It is important to realise, when selecting a heat exchanger that it is better to overdesign than to 

design to limited specifications. This accommodates for any negative factors that the environment 

such as the fouling factor, and any unforeseen circumstances. When enhancing a heat exchanger, a 

higher pressure drop and higher pumping power will exist. This increases the cost of the heat 

exchanger. Factors which must be taken into consideration when selecting a heat exchanger are: 

heat transfer rate, cost, pumping power, size and weight, type, materials, and any other 

considerations (Cengel & Ghajar, 2011). These will be discussed in Chapter 6, Detail Design.  

2.12 Conclusion 

This literature study has discussed all of the important components for the chiller. Essentially, a 

thermodynamic approach must be taken to determine the specifications of the standard 

components: expansion valve, suction accumulator, fan and the compressor. The heat exchangers 

can then be designed to fit together with these standard components. Heat and mass transfer is also 

an important aspect.  

When deciding on the type of heat exchangers to be used, even though shell-and-tube heat 

exchangers are the most common, they are not suited to this application as they are too large. A 

suction accumulator is the decided approach to prevent breaking of the crankshaft. The refrigerant 

which will be used in this application is R-134a.  

Fluid Rf (m
2
K/W) 

Distilled Water, sea-water, river 
water, boiled feedwater 

Below 50°C 0.0001 

Above 50°C 0.0002 

Fuel oil 0.0009 

Steam (oil-free) 0.0001 

Refrigerants (liquid) 0.0002 

Refrigerants (vapour) 0.0004 

Alcohol vapours 0.0001 

Air 0.0004 
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Chapter 3 

Functional Analysis 

3.1Introduction 

This chapter discusses the functional analysis of the main components in this system. The 

components which form the vapour compression cycle are essential to this system. The water will be 

chilled for aerospace, industrial and air-conditioning applications, through the vapour compression 

cycle. 

3.2 Functional Components 

A chiller is a thermodynamic vapour compression system which produces chilled water for air-

conditioning, industrial applications and aerospace applications. A chiller is essentially comprised of 

four main components: compressor, condenser, expansion valve and evaporator. Other components 

are used in conjunction with these, however, the essential calculations and design of the chiller is 

determined by the four main components. 

 

 

 

Chiller 

Condenser 

Compressor 

Evaporator 

Expansion 

Valve 

Suction 
Accumulator 

Evaporator Compressor 
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3.3 Condenser 

A condenser is a heat exchanger which transfers heat from one fluid to another in order to cool the 

liquid. With a compressor, heat is usually transferred to the ambient temperature of the 

surroundings, which can be made cooler due to forced convection from fans. It is within this 

component, that the refrigerant vapour is converted into liquid form, when considering a 

refrigeration system. Hot, high pressure refrigerant gas enters the condenser from the compressor. 

In the condenser it is cooled to liquid. It is important to consider the surface area, as a larger surface 

area will allow for more heat transfer from the refrigerant, and therefore faster cooling. This can be 

accomplished with fins on the heat exchanger to increase the surface area (Yeh, 1999). The 

condenser for this application will be a finned heat exchanger, because only the refrigerant is 

contained, and the air is ambient air.  

3.4 Expansion Valve 

The expansion valve is used to accommodate the throttling process, whereby the temperature is 

decreased in an adiabatic process, and the pressure is decreased abruptly (Borgnakke & Sonntag, 

2009). It is essentially a tube or pipe in which a restriction in flow occurs. This decrease in 

temperature and pressure allows for the evaporator to work effectively. The expansion valve also 

controls the flow rate of the refrigerant into the evaporator as per load required. This allows for 

efficiency in the evaporator and the compressor and also prevents the liquid refrigerant from 

flooding the compressor (Khemani, 2010). 

3.5 Evaporator 

The evaporator is essential for the chiller, as this component will allow for the heat transfer between 

the cold refrigerant and the warm water which needs to be cooled. As with the condenser, it is 

essentially a heat exchanger. Here, the liquid refrigerant is converted into vapour. If fins are used on 

the evaporator to increase the surface area, and therefore the heat transfer rate, a metal with a high 

thermal conductivity must be used to maximise this heat transfer (Yeh, 1999). The evaporator for 

this application will involve two fluids, which need to be contained. 

3.6 Compressor 

The most common type of compressor used in small refrigeration systems is the reciprocating 

compressor (Yeh, 1999). It controls the circulation of the refrigerant and increases its pressure, and 

while doing this, heats it up before it enters the condenser (Fritz, 2013). The compressor essentially 

pumps the refrigerant through the refrigeration system.  

3.7 Suction Accumulator 

This is a secondary component to the previous four, and is used to prevent the breakage of the 

compressor crankshaft. Essentially it allows for only vapour to enter the compressor, and some of 

the lubrication. This is a standard component. 
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3.8 Conclusion 

The functional analysis of the main components in the vapour compression cycle has been 

discussed. This vapour compression cycle forms the main part of the chiller, and it is through this, 

that the water will be chilled.  



22 
 

Chapter 4 

Design Requirements and Technical Specifications 

4.1 Introduction 

This chapter deals with the design requirements and technical specifications. Requirements are 

ranked and the importance is specified. This allows for the determination of which factors are the 

most important, and are the driving force behind a specific design. 

4.2 Requirements and Specifications 

In terms of the full design requirements, some standard components are required. These standard 

components include: the compressor, pump, expansion valve and fan. The items to be designed for 

this system are: the two heat exchangers (evaporator and condenser) as well as the condenser 

distributor and the base plate. The entire system layout must be designed. 

Other design requirements exist with respect the total size, total mass, refrigerant, efficiency, and 

the outlet water temperature. It is also important to consider the ease of manufacturing, cost of 

manufacturing and maintenance, maintainability and how reliable the chiller is. It must be 

environmentally friendly and adhere to all legislation and social conducts.  

Requirement Not very 
Important 

Relatively 
Important 

Very 
Important 

Remarks 

Size     

Mass    100 kg 

Refrigerant    Environmentally friendly 

Efficiency     COP = 2.2 

Outlet Water Temperature    10°C 

Flow rate    1000 l/hr 

Manufacturing     

Cost     

Maintenance     

Reliability     

Environmental, legal, social 
concerns 

    

Table 4: Design requirements 

The size of the chiller is not important as it is determined by the power consumption. However, it 

needs to fit into spaces typically available for a chiller, and is determined by the power requirement. 

The mass of the chiller is relatively important because it needs to be moved easily and placed into 

the selected area. A good mass barrier is 100 kg because this allows for the chiller to be moved easily 

and would typically fit into available spaces. The mass is affected by the components and the 

materials used.  
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The thermodynamic properties are very important for this application. The chiller needs to be 

efficient, and have a coefficient of performance of 2.2, with an outlet temperature of 10°C. This is to 

adequately perform the function of chilling the water for air-conditioning, industrial and aerospace 

applications. 

Manufacturing of the components should be simple, however, some complicated components will 

lead to higher efficiencies, and therefore the manufacturing is dependent on the required outputs. 

The maintenance should be relatively easy. This means that the components should be easy to reach 

and simple to replace. Reliability is always a concern, in that if the chiller cannot perform its 

function, other processes may be stopped, for example, in industry. 

Since this is a thesis on a design, cost is not of as much importance as other factors; however, to 

implement this design into industry, cost will always be a parameter for design. If cost effective 

efficient chillers exist, it would not be worthwhile to pay double the price for something that is 

slightly more efficient. 

The refrigerant type is important for the chiller design, because since the enforcing of the Montreal 

Protocol in January, 1989, refrigerants need to be environmentally friendly, and therefore should 

not contain chlorofluorocarbons. This is to alleviate ozone depletion and stop the contribution of 

refrigerants to global warming and the greenhouse effect. The refrigerant type is linked to the 

environmental concerns, which is very important. 

4.3 Conclusion 

This chapter has dealt with the design requirements and technical specifications for the chiller. The 

most important factors to consider when designing the chiller are: the refrigerant used, efficiency, 

outlet water temperature and the flow rate of the chilled water. Concepts can now be drawn up and 

the best design can be decided upon. 
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Chapter 5 

Concepts 

5.1 Introduction  

This chapter focuses on the concepts for the design of this chiller. It begins with concept generation. 

For this process, ideas were thought up for the different components which would need to be 

designed. A brief discussion is given for each. The next section is concept selection. This includes 

tables where essentially, the final type of design is decided upon. These tables are used to rank the 

ideas according to certain requirements such as size, manufacturing, reliability, cost and 

maintenance. 

5.2 Concept Generation 

5.2.1 Evaporator 

Concept 1 

 

Figure 16: Evaporator concept 1 

Concept 1 for the evaporator is a functional design. It involves a plate heat exchanger with 

perpendicular tubes. The cross-flow of this evaporator will allow for a high heat transfer rate, and a 

relatively small space requirement. The refrigerant would flow in the tubes, and the water would 

flow through the plates. Equal dispersion of the fluids is necessary so that water will exit at a 

constant temperature. 
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Concept 2 

 

Figure 17: Evaporator concept 2 

Concept 2 of the evaporator is essentially a shell-and-tube heat exchanger. This heat exchanger is 

efficient, and can be either very small or very large, depending on the requirements. The water 

would flow through the tubes, and the evaporator in the shell.  

Concept 3 

 

Figure 18: Evaporator concept 3 

Concept 3 is a double pipe heat exchanger. This heat exchanger has counter-flow which allows for a 

high heat transfer rate than parallel flow. A long length of this double pipe heat exchanger will be 

necessary, and this may not be accommodated in the layout design of the chiller. 
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Concept 4 

 

Figure 19: Evaporator concept 4 

Concept 4 is a double pipe heat exchanger. The inner and outer tubes are quadruple pass which will 

allow for a high heat transfer rate due to a larger surface area, and the passes will allow for a more 

compact design instead of one length of a double pipe heat exchanger of concept 3. 

Concept 5 

 

Figure 20: Evaporator concept 5 

Concept 5 is similar to concept 4, in that the inner tube is a quadruple pass but the outer tube is a 

double pass. This evaporator would not be as efficient as concept 4, and the flow of the refrigerant 

will not be direct. 
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Concept 6 

 

Figure 21: Evaporator concept 6 

Concept 6 is a plate heat exchanger. A plate heat exchanger has very effective heat transfer, 

especially in liquid-to-liquid applications. The cold and hot fluids flow in alternate passages. The 

contact surface area is large for this heat exchanger, in a small amount of space, in comparison to 

other heat exchangers. 

Concept 7 

 

Figure 22: Evaporator concept 7 

Concept 7 for the evaporator is the most efficient for the space requirements. A double pipe heat 

exchanger is essentially wound into a coil which will prevent space wasting and is quite simple to 

manufacture. Other components can be placed inside the coiled heat exchanger as to minimise total 

space requirements of the chiller. Counter-flow will be used to increase the heat transfer and thus 

the efficiency of the evaporator. 
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5.2.2 Condenser 

Concept 1 

 

Figure 23: Condenser concept 1 

Concept 1 consists of a single tube containing many rectangular fins used to increase the heat 

transfer surface. The heat from the refrigerant will be transferred to the ambient air through the 

fins. 

Concept 2 

 

Figure 24: Condenser concept 2 

Concept 2 for the condenser is similar to that of concept 1, in that it is a single tube containing fins. 

These fins, however, are large and the tube makes many cuts through each fin. Fewer fins are 

necessary, but a large surface area is still obtained. 
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Concept 3 

 

Figure 25: Condenser concept 3 

Concept 3 for the condenser involves a helically coiled tube with fins attached around it to increase 

the heat transfer area. This increases the heat transfer rate. This design is more compact than the 

previous two due to the helical shape of the tube. For space limitations, this design would be a good 

option. 

Concept 4 

 

Figure 26: Condenser concept 4 

Concept 4 involves intertwined tubes with fins attached. This is a space-saver and still allows for a 

large surface area used for heat transfer. This means that a high heat transfer rate is possible. This 

design is difficult to manufacture, due to the placement of the fins. This design can be used vertically 

or horizontally. 
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Concept 5 

 

Figure 27: Condenser concept 5 

Concept 5 is similar to concept 3, in that it is also a helical tube with fins. The difference, however, is 

that these fins will go along the length of the tube. Numerous fins can be used, spaced equally apart. 

This specific one contains four fins along the length of the tube. This will ensure a large surface area, 

which will allow for a large heat transfer to the ambient air. This design is as compact as concept 3 

and concept 4 and therefore will not affect space restrictions. 

5.2.3 Container 

Concept 1 

 

Figure 28: Container concept 1 

Concept 1 for the container involves a base to which all of the components will be attached, and a 

box lid which will cover the entire system. The lid will be bolted to the base. This allows for easy 

access to the components from all directions. 
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Concept 2 

 

Figure 29: Container concept 2 

Concept 2 involves six different pieces which are attached on site, and can be disassembled very 

easily. Grooves will exist on 3 panels, the base, and two opposite sides. The other two sides will slide 

into these grooves, and the lid can be placed on top. This design allows for easy access to all 

components in the system. 

Concept 3 

 

Figure 30: Container concept 3 

Concept 3 for the container is essentially a box with a hinged lid. This allows for easy opening and 

closing of the container. It is difficult to reach the components at the base of the box, and the 

components will have to be removed for maintenance. 
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5.2.4 Layout 

Concept 1 

 

Figure 31: Layout concept 1 

This layout is a horizontal layout, for an area with a large base space, but height limitations. The 

components are all attached to the base of the container. The components are placed specifically so 

that they are in close proximity to the next component in the system. This reduces additional tubing 

requirements. 

Concept 2 

 

Figure 32: Layout concept 2 

This concept is suitable for areas where height is not an issue, but base space is limited. The 

components are placed on top of one another. This can lead to increased vibrations of the higher 

components, and instabilities. Once again, the components are placed specifically so that they are in 

a close region to the next component in the system. This reduces additional tubing requirements. 
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5.2.5 Condenser connection 

Concept 1 

 

Figure 33: Condenser connection concept 1 

Concept 1 for the condenser connection is essentially made of tubes, comprised of three different 

diameters as to keep the flow rate and velocity constant. The tubes are all on the same plane, and 

thus only two bends in the flow will occur. 

Concept 2 

 

Figure 34: Condenser connection concept 2 

Concept 2 for the condenser connection is also made up of tubes with three different diameters as 

to keep the flow rate and velocity constant. The tubes are on different planes as to keep the 

connection compact, however, the smallest diameter tubes will then have to make a certain number 

of turns to eventually start the condenser with all tubes on the same plane. 

5.3 Concept Selection 

Concepts are graded as either a ‘1’ or a ‘0’. A ‘1’ means that this criteria is an advantage in the 

concept, whereas the ‘0’ means that the criteria is a disadvantage. The manufacturability and 
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efficiency are the most important criteria to consider, and thus, if two concepts are equal, the 

concept with a point in these areas will be the concept chosen. 

5.3.1 Evaporator 

Criteria Concept 

1 2 3 4 5 6 7 

Size 1 0 0 1 1 1 1 

Manufacturability 0 0 1 0 0 1 1 

Maintenance 0 0 1 1 1 1 1 

Reliability 0 1 1 0 0 0 1 

Compact 1 0 0 1 1 1 1 

Efficiency 1 1 1 1 1 1 1 

Total 3 2 4 4 4 5 6 
Table 5: Evaporator concept selection 

5.3.2 Condenser 

Criteria Concept 

1 2 3 4 5 

Size 0 0 1 1 1 

Manufacturability 1 1 0 1 0 

Maintenance 1 1 1 1 1 

Reliability 0 0 0 0 1 

Efficiency 0 0 1 1 1 

Compact  1 1 1 1 1 

Total 3 3 4 5 5 
Table 6: Condenser concept selection 

5.3.3 Container 

Criteria Concept 

1 2 3 

Size 1 1 1 

Manufacturability 1 1 1 

Maintenance 1 1 1 

Reliability 1 0 0 

Ease of access 1 1 0 

Compact  1 1 1 

Total 6 5 4 
Table 7: Container concept selection 

5.3.4 Layout 

Criteria Concept 

1 2 

Size 0 0 

Maintenance 1 1 

Ease of access 1 0 

Compact  1 1 

Use of available space 1 1 

Total 4 3 
Table 8: Layout concept selection 
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5.3.5 Condenser Connection 

Criteria Concept 

1 2 

Size 1 1 

Manufacturability 1 0 

Maintenance 0 0 

Reliability 1 1 

Efficiency 1 1 

Compact  0 1 

Total 4 4 
Table 9: Condenser connection concept selection 

5.4 Conclusion 

A helical double-pipe heat exchanger will be used for the evaporator, with the warm water flowing 

in the inside tube, whilst the cold refrigerant flows in the outside tube. This evaporator is easy to 

manufacture, efficient, and compact. A tube heat exchanger with many fins will be used for the 

condenser. The amount of fins, tubes and turns will be determined as to minimise space 

requirements and maximise heat transfer. The container with the removable box lid (concept 1) will 

be used. This allows for easy access to all of the components in the chiller system, and is easy to 

manufacture. The condenser connection chosen is that which is on the horizontal plane. This allows 

for manufacturing to be made as simple as possible. 
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Chapter 6 

Detail Design 

6.1 Introduction 

This chapter involves the detail design of the chiller, including the necessary calculations done and 

assumptions made. It is important to understand the processes involved in the chiller system 

(vapour-compression cycle) which were discussed in Chapter 3. 

For this design, it is assumed that steady-state processes exist. Therefore, time-varying effects are 

not considered, other than when considering the reliability as discussed in Chapter 10. Slight 

pressure drops which do not have a significant effect will be considered as negligible for this design. 

 

Figure 35: Deviation from the ideal vapour compression cycle 

The diagram above shows the deviation from the vapour compression cycle, whereby pressure 

drops exist over the condenser and evaporator. This is indicated by the green line. Approximately a 

temperature change of 5°C exists through the expansion valve and the compressor. The blue process 

shows the vapour compression cycle. 

6.2 Thermodynamic Calculations 

Specification Symbol Value 

Mass flow rate ṁ 1000l/hr 

Inlet temperature (water) Ti 20°C 

Outlet temperature (water) To 10°C 
Table 10: Required properties 
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Power required: 
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When considering an ideal vapour compression cycle: 

 

Figure 36: Ideal cycle 

Point 1 (saturated vapour): 

 T1 = 0°C 

 P1 = Psat = 294 kPa 

 h1 = 398.36 kJ/kg 

 s1 =1.7262 kJ/kg 

Point 2 (superheated vapour): 

 T2= 38.4017°C 

 P2= P3 = 887.6 kPa 

 h2 = 421.23 kJ/kg 

 s2 = s1= 1.7262 kJ/kg (ideal process) 

 

 

Point 3 (saturated liquid): 

 T3 = 35°C (assumed condensation 

temperature) 

 P3 = Psat = 887.6 kPa 

 h3 = hf = 249.1 kJ/kg (via interpolation) 

 s3 = sf = 1.1673 kJ/kg (via interpolation) 

Point 4 (saturated): 

 T4 = 0°C 

 P4 = Psat = 294 kPa 

 h4 = h3 = 249.1 kJ/kg 

 x = 0.24753 

 s4 = 1.1791 kJ/kg 
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When considering the real cycle: 

 

Figure 37: Real cycle 

Point 1 (superheated vapour): 

 T1 = 5°C 

 P1 = Psat = 200 kPa (Pressure drop of 94 kPa across the evaporator) 

 h1 = 405.205 kJ/kg 

 s1 =1.78015 kJ/kg 

Point 2 (superheated vapour): 

Isentropic compressor: 

 s2 = s1= 1.78015 kJ/kg 

 P2= P3 = 987.6 kPa 

 h2S = 441.029 kJ/kg 

 T2S = 58.97 °C 

Assuming an isentropic compressor efficiency: ηs = 0.5 
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Real compressor: 

 T2 = 93.56 °C  (interpolation) 

 P2 = P3 = 987.6 kPa (Pressure drop of 100 kPa across the condenser) 

 h2 = 476.853 kJ/kg 

 s2 = 1.88273 kJ/kg (interpolation) 

Point 3a (saturated liquid): 

 T3a = 35°C  (assumed condensation temperature) 

 P3a = Psat = 887.6 kPa 

 h3a = hf = 249.1 kJ/kg (via interpolation) 

 s3a = sf = 1.1673 kJ/kg (via interpolation) 

Point 3b (sub-cooled liquid): 

 T3b = 5°C  (assumed) 

 P3b = 887.6 kPa 

 h3b = hf = 206.75 kJ/kg  

 s3b = sf = 1.0243 kJ/kg  

Point 4 (saturated): 

 T4 = 0°C 

 P4 = Psat = 294 kPa 

 h4 = h3 = 249.1 kJ/kg 

 x = 0.24753 

 s4 = 1.1791 kJ/kg 
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The compressor available has a cooling capacity of 12.15 kW, with a power input of 3.66 kW. The 

evaporating temperature is 0°C, and the condensing temperature is 40°C. 

Point 1 (superheated vapour): 

 T1 = 10°C 

 P1 = Psat = 294 kPa  

 h1 = 407.3098 kJ/kg 

 s1 =1.758846 kJ/kg 
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Point 2 (superheated vapour): 
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 T2 = 93.56 °C (interpolation) 

 P2 = P3 = 1017 kPa  

 h2 = 457.727 kJ/kg 

 s2 = 1.88273 kJ/kg  (interpolation) 

 

Point 3 (saturated liquid): 

 T3 = 40°C   

 P3 = 1017 kPa 

 h3 = hf = 256.54 kJ/kg  

 s3 = sf = 1.1909 kJ/kg  

Point 4 (saturated): 

 T4 = 0°C 

 P4 = Psat = 294 kPa 

 h4 = h3 = 256.54 kJ/kg 

 x = 0.285037 

 s4 = 1.207 kJ/kg
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6.3 Condenser 

6.3.1 Tube 

The refrigerant in the condenser loses heat to the surroundings at a rate of 15.81 kW. The fins and 

the layout of the condenser must allow for this. The fan allows for forced convection along with the 

conduction on the fin and tube surface. At the operating temperature of 40°C for the refrigerant 

fluid, the following properties, which can be found in Table A-10 (Cengel & Ghajar, 2011), exist: 

Property Units Liquid Vapour 

Thermal Conductivity (k)  W/mK 0.0757 0.0161 

Density (ρ)  kg/m3 1147 50.08 

Specific Heat (cp)  J/kgK 1498 1138 

Prandtl Number (Pr)  3.285 0.995 

Dynamic Viscosity (μ)  kg/ms 1.66 x10-4 1.408 x10-5 
Figure 38: R-134a properties at 40°C 
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Assuming a mass flux of 351 kg/m2s, the maximum pressure drop gradient is found to be about 8 kPa 

per meter for a vapour quality of 0.85. For a vapour quality of 0.5, the pressure drop gradient is 6 

kPa/m. This result is negligible, considering the condenser and evaporator will be relatively small and 

a drop of 6 kPa can be overcome (Grauso, Mastrullo, Mauro, Thome, & Vanoli, 2013). However, a 

smaller pressure drop exists for a mass flux of 200 kg/m2s at a vapour quality of 0.5. At this mass 

flux, the pressure drop is approximately 1.5 kPa which is negligible (Lips & Meyer, 2012). Therefore a 

mass flux of 200 kg/m2s is assumed for this system. At this mass flux, at a maximum inclination angle 

of 90°, the pressure drop for a mass flux of 200 kg/m2s, the pressure drop is approximately 5 kPa 

(Lips & Meyer, 2012). This is less than that for no inclination angle at a mass flux of 351 kg/m2s, and 

therefore a mass flux of 200 kg/m2s is a better assumption. The angle of inclination can thus be 

changed if necessary, with negligible effects on the pressure drop. 
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The diameter of the tube is 22.65 mm. Standard aluminium tubing exists in a size 25.4x1.22 mm. This 

means that the inner diameter of the tubing is 22.96 mm (EuroSteel, 2006). 

The velocity is 
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The Reynolds number is: 

   
   

 
 

 
                   

         
 

        

As can be seen from the Reynolds number calculated above, the flow is turbulent (White, 2011). This 

turbulent flow is fully developed because the developing region is usually 10 tube diameters, which 

in comparison to the total length of the tube is minimal, and thus the flow can be assumed as fully 

developed (Cengel & Ghajar, 2011).  



43 
 

The friction factor can be calculated using the Haaland equation, which is within two percent of the 

Colebrook equation (does not require iterations as with the Colebrook equation): 
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The tube through which the refrigerant will flow is smooth, and thus: 

    

Therefore the Haaland equation is reduced to: 
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For:  0.7 ≤ Pr ≤ 160; Re > 10 000 

The Nusselt number can be calculated by (for liquid refrigerant): 

                   

                         

        

It is assumed that the flow will be split into seven channels at the condenser. The area is constant, to 

assume a mass flux of 200 kg/m2s and thus the diameters of the five tubes can be calculated as: 
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The diameter of each of the five smaller tubes is 10.6 mm. A standard size for aluminium tubing is 

12.7x1.22 mm. This means that the inner diameter of the tube is 10.26 mm (EuroSteel, 2006). 
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The velocity is: 
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The Reynolds number is: 

   
   

 
 

 
                 

         
 

        

Once again, it can be seen that the flow in these smaller diameter tubes is fully developed turbulent 

flow.  

6.3.2 Fins 

When considering the fins for the condenser, it is important to recognise that a metal with a high 

thermal conductivity is necessary. For this application of the chiller, the mass is a factor which needs 

to be taken into consideration, and therefore a metal with a lower density is preferred. The table 

below shows a comparison between some possible fin materials (Cengel & Ghajar, 2011). 

Metal Density ρ 
[kg/m3] 

Thermal Conductivity k 

[W/mK] 

Aluminium (pure) 2 702 237 

Aluminium 6061-T6 2 700 167 

Beryllium 1 850 200 

Copper (pure) 8 933 401 

Gold 19 300 317 

Silver 10 500 429 
Table 11: Properties for different metals 

It can be seen from this table that the thermal conductivity typically increases with density for these 

metals. Copper, gold and silver, have high thermal conductivities, however, they are denser, and 

therefore cannot be used. Gold and silver are also expensive. Aluminium is more accessible and 

therefore a better option than Beryllium, and has a higher thermal conductivity. 

The fins that will be used are rectangular fins. The geometry of these fins is given in Figure 39.  
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Figure 39: Rectangular fin 

The properties of air were taken to be at a temperature of 20°C and a pressure of 1 atmosphere. 

These properties were found in Table A.15 (Cengel & Ghajar, 2011). 

Property Units Value 

Density [ρ] Kg/m3 1.204 

Thermal conductivity [k] W/mK 0.02514 

Dynamic Viscosity [μ] Kg/ms 1.825x10-5 

Kinematic Viscosity [ν] m2/s 1.516x10-5 

Prandtl Number [Pr]  0.7309 
Table 12: Properties of air 
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Straight rectangular fins, with negligible heat loss from the fin tip will be used. The heat loss from 

the fin tip can be assumed as negligible because heat transfer from the fin is proportional to the 

surface area of the fin, and the area of the fin tip is minute in comparison to the total surface area of 

the fin. 

 ̇              √     (     )     (  ) 

Where Tb is the temperature at the fin base, and p, Ac and m are defined as: 
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  √
  

  
 

Obviously, the larger the fin, the more heat transfer will occur, however, due to space limitations, 

the heat transfer needs to be minimized. 
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Different cases were used, to depict the effect of length, width and thickness of the fins on the heat 

transfer. The velocity of the air is constant, and was chosen as 2.5 m/s. This value will not affect the 

general shape of the graph, and was used to show the geometry effects. The difference in 

temperature (Tb-T∞) was chosen as unity, as the effect of this will change the graphs by a factor of 

the difference. This will therefore not affect the general shape of the graph and was used to show 

the geometric effects as well. 

When keeping the length of the fins at a constant dimension of 40 mm, the heat transfer from each 

fin was found between thicknesses of 0.2 mm and 1.1 mm and between widths of 2 mm and 40 mm. 

 

Figure 40: Fin heat transfer when length is constant 
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Figure 41: Fin heat transfer when width is constant 

A better form of finding the fin heat transfer with for different dimensions is to keep the thickness 

constant. Often, for air-conditioning applications, the fins are very thin. For this reason, the fin 

thickness was chosen to be 0.5 mm. When keeping the thickness constant at 0.5 mm, and using a 

range of 10 mm to 55 mm for the length and a range of 2 mm to 40 mm for the width, the following 

heat transfer plot was found:  

 

Figure 42: Fin heat transfer when thickness is constant 
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A better option is to have solid fins which go along the length of the pipe, as with Concept 5 of the 

condenser. This means that the width of the fins is constant, and the thickness and length can be 

plotted to determine the maximum heat transfer. Once again, as expected, the maximum heat 

transfer from the fins occurs when the largest surface area exists. Due to space limitations, the 

surface area has to be minimal, whilst still ensuring a maximum heat transfer. These are 

contradictory and therefore a medium has to be settled for. The problem with these fins is that 

alignment may be difficult, and everything has to be manufactured to exact precision which is not 

always possible. Therefore many smaller fins will be placed along the length of the tubes. 

The material of the fins and the tube are aluminium. This is a material with a high thermal 

conductivity and a low density. It is therefore a good material for this application. The heat loss from 

the tube and the fin must be equal to 15.81 kW, QH for the system. The total heat transfer from the 

condenser is given by: 

 ̇           ̇       ̇    

Where ‘N’ is the number of fins along the length of the tube. 

The heat transfer coefficient of air for forced convection lies in the range of 10 – 200 W/m2
K 

(Convective Heat Transfer). 

The fins will be placed along the tubes, and therefore the regions where the fins are connected will 

not be subject to convection heat transfer to the air. Therefore the heat loss to the air from the 

tubes is neglected. Because in real life, the tubes will be subject to heat transfer, the efficiency will 

be greater and so this is not a problem. Fins with a length of 70 mm, width of 60 mm and thickness 

of 0.5 mm will be used. 

Where Tb is the temperature at the fin base, and p, Ac and m are defined as: 

       

             

           

       

             (  
        

 
) 

             

The heat transfer from the fins can be calculated as: 

 ̇              √     (     )     (  ) 

           

                

The condenser will be composed of a tube which divides into seven equal smaller tubes. These tubes 

will make six bends. The horizontal length of each tube section will be 650 mm long, which will then 

feed into a 100 mm diameter bend. A schematic of one of the smaller tubes is given below. 

The number of fins can be calculated by: 
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 ̇           ̇       ̇    
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The number of fins per tube length (65 cm) will then be: 

             
       

   
 

             

Therefore 215 fins will be used per tube length to increase the efficiency of the condenser. The fins 

can be placed 2.5 mm apart. A total of 7 525 fins will be used.  

 

Figure 43: Schematic of condenser 

The width of the condenser will be 500 mm, containing five columns, and seven rows of tubes. Each 

tube will be separated by 100 mm, centre-to-centre distance. 

The fin efficiency is defined as: 

     
    (   )
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Although this is not a high efficiency, the surface area of the fins is minimised, which is also an 

important factor in this design. The fins are 70 mm x 60mm x 0.005 mm. The aluminium sheets are 

2500 mm x 1250 mm x 0.0005 mm. This means that each aluminium sheet provides 700 fins.  

Therefore 11 sheets are needed. 

6.3.3 Tube Banks 

When considering flow across tube banks, for the in-line application, 

 

Figure 44: In-line tube bank 

Flow area before entering tube bank:                                

Flow area between the tubes:     (    )  (             )                  

Maximum velocity:        
  

    
  

      

             
                

Reynolds number:       
     

 
 

              

                

From Table 7.2 (Cengel & Ghajar, 2011) Nusselt number:   

           
          (

  

   
)
    

 

   
     

 
 

        

 
        

From Table A.15 (Cengel & Ghajar, 2011): 

T (°C) Pr 

40 0.7255 

66.78 0.718505 
Table 13: Prandtl numbers for different temperatures (R-134a) 
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        (    )    (        )    (
        

      
)
    

 

       

A correction factor needs to be used because there are less than 16 rows. There are seven rows of 

tubes in this application and thus the correction factor F is 0.96. Thus, 

         
      

         
        

   
  

 
 

  
              

      
 

              

This value for the heat transfer coefficient is greater than that for the fin analysis, and thus, the 

efficiency would be increased and the tube banks analysis only improves the condenser. 

6.3.4 Connection for the Condenser Tubes 

The condenser is made up of a single tube which splits into five separate, equal diameter tubes. This 

increases the heat transfer area and allows for the use of more fins, without increasing the height of 

the condenser. The velocity of the refrigerant will be constant from the single tube to the five 

separate tubes.  

The area required for the five separate tubes was found in the condenser tube section of the report: 

                                      

            
           

 
             

  √
 

 
             

           

The diameter of each of the five smaller tubes is 10.13 mm. The available standard aluminium tube 

is 12.7 x 1.22 mm. The inside diameter of this tube is 10.26 mm. 

To calculate the diameter of the middle tube section (where the flow will divide into two separate 

channels), the following calculation was done: 
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  √
 

 
              

            

The diameter of the middle tube section is 16.02mm. A standard aluminium tubing of size 19.06 x 

1.22 mm is available. This tube has an inner diameter of 16.62 mm (EuroSteel, 2006). 

 

Figure 45: Schematic of condenser connection 

6.4 Evaporator 

The refrigerant in the evaporator absorbs heat from the surroundings at a rate of 12.15 kW. At the 

average operating temperature of 5°C for the refrigerant fluid, the following properties, which can 

be found in Table A-10 (Cengel & Ghajar, 2011), exist: 

Property Units Liquid Vapour 

Thermal Conductivity   (k)  W/mK 0.0925 0.01259 

Density                            (ρ)  kg/m3 1278 17.12 

Specific Heat                  (cp)  J/kgK 1358 918.7 

Prandtl Number            (Pr)  3.802 0.603 

Dynamic Viscosity         (μ)  kg/ms 2.589 x10-4 8.264 x10-6 
Table 14: R-134a properties at 5°C 

The required heat transfer from the water is: 

 ̇   ̇     

 
    

    
          

           

Using the standard compressor, the heat transfer to the refrigerant is: 
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 ̇   ̇(     ) 

       (               ) 

          

 ̇   ̇     

          ̇           

 ̇              

This mass flow rate is greater than the required flow rate of 0.2778 kg/s for the water.  

Assuming a mass flux of 200 kg/m2s for the water (to ensure a negligible pressure drop): 

 ̇  
 ̇

 
 

  
 ̇

 ̇
 

 
       

   
 

                

  √
 

 
 

 ̇

 ̇
 

        

        

The diameter of the inner tube is 43 mm. The available standard aluminium 6061-T6 tube has an 

inner diameter of 41 mm and an outer diameter of 43 mm, with a wall thickness of 1 mm  (Shanghai 

Metal Corporation, 2012). 

The properties for water at the average temperature of 15°C are: 

 

 

 

 

 

Table 15: Properties of water at a temperature of 15°C 

The velocity of the water is: 

  
 ̇

  
 

 
      

        
(     ) 

 

 

             

Property Symbol  Units Value 

Density Ρ Kg/m3 999.1 

Specific Heat  Cp J/kgK 4185 

Thermal conductivity K W/mK 0.589 

Dynamic Viscosity Μ Kg/ms 1.138 x 10-3 

Prandtl Number Pr  8.09 
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This value for the Reynolds number shows that the flow occurs in the transitional region of flow 

through the evaporator. 

Assuming a mass flux of 200 kg/m2s for the refrigerant: 

 ̇  
 ̇
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 ̇

 ̇
 

            

The diameter of the outer tube is 48.6 mm. The available standard aluminium 6061-T6 tube has an 

inner diameter of 47.5 mm and an outer diameter of 50 mm, with a wall thickness of 1.25 mm 

(Shanghai Metal Corporation, 2012).The velocity of the refrigerant is: 

  
 ̇

  
 

 
        

       
              

 

 

            

   
   

 
 

 
            (            )

          
 

       

This value for the Reynolds number shows that the flow is in the transitional region through the 

evaporator. Using the Log Mean Temperature Difference Method: 

 ̇          

     
       

  (
   
   

)
 

Constant heat flux for the water (heat flux as a result from the heat transfer to the refrigerant): 
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For counter-flow heat exchangers: 
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For a mass flux of 200kg/m2s, and a vapour quality of 50%, the heat transfer coefficient can be found 

from Figure 13, on page 402 (Lips & Meyer, 2012), at an inclination angle of 0°. 
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For a constant heat flux, the Nusselt number is 4.36. 

   ̇  (
 

    
 

     

   
)  
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The length of the tube will be 21 m in order to improve efficiency. The number of turns in the 

evaporator coil can be determined from: 

  
 

    
 

 
  

    
 

 

Figure 46: Evaporator number of turns versus coil diameter 
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Figure 47: Height of evaporator versus coil diameter and number of turns 

As the coil diameter increases, the number of turns decreases and thus the height decreases. The 

coil diameter is selected as 0.60 m. Using the outer diameter of the larger tube (0.05 m), the 

relationship between the height of the evaporator and the number of turns is shown in the graph 

below: 

 

Figure 48: Height of evaporator versus number of turns 

The number of turns and height of the condenser are found to be: 
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To calculate the heat loss from the evaporator, certain assumptions are made. The warm fluid 

(water) flows in the inside tube and therefore the majority of the heat loss is to the refrigerant in the 

outer tube. Insulation will prevent further heat loss, and by doing so, increase the efficiency of the 

condenser. The surface temperature of the evaporator is assumed to be 5°C (the average 

temperature of the cold fluid in the shell) and the ambient temperature is 25°C. Copper is a more 

bendable metal, however, it has a much higher density than that of aluminium. Aluminium 6061-T6, 

contains 4.5% copper, which will make it more bendable than pure aluminium. The properties of 

Aluminium 6061-T6 are given in the table below (Cengel & Ghajar, 2011). Other factors such as 

processing properties and mechanical properties are given in the table as well (Aluminium 6061-T6). 

Property Symbol Units Value 

Density ρ Kg/m3 2700 

Specific Heat Cp J/kgK 896 

Thermal Conductivity k W/mK 167 

Brinell Hardness   95 

Ultimate Tensile Strength Su MPa 310 

Yield Strength Sy MPa 276 

Modulus of Elasticity E GPa 68.9 

Poisson’s Ratio ν  0.33 
Table 16: Properties of Aluminium 6061-T6 

When considering insulation, the R value is important. According to the Department of Energy 

(2008), for insulation, “the higher the R-value, the greater the insulating effectiveness”. Thickness, 

material type and density affect the ‘R’ value (Department of Energy, 2008). Because the colder 

refrigerant is in the outer tube, the insulation is not as imperative. Polystyrene or polyurethane 

could be used. These insulators have high R-values for relatively small thicknesses. Because the 

system is going to be in a container, weatherproofing is not necessary (Energy, 2012).  

Insulation will prevent heat from the outside of the evaporator to be transferred to the refrigerant, 

and thus, the majority of the heat transfer to the refrigerant will be from the water which is cooling 

down.  

It is decided that eco-insulation will be used. This is formed from recycled paper and milled to the 

optimum density (Eco-Insulation). A thickness of 50 mm will be used which will prevent heat loss by 

76% in summer, and by 61% in winter. This insulation has an R-value of 1.31. This insulation is fire 

resistant, non-toxic, non-irritant and non-allergenic. 

6.5 Compressor 

The work of the compressor is 3.66 kW. 

A MTZ80 Maneurop Reciprocating compressor will be used for this chiller. The specifications of this 

compressor are (Danfoss Maneurop, 1999): 
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 Refrigerant:   R-134a 

 Cooling capacity:  12.15 kW 

 Power input:   3.66 kW 

 Evaporating Temperature: 0°C 

 Condensing Temperature: 40°C 

 Frequency:   50 Hz 

 Mass:    40 kg 

 Size:    395 x 365 x 455 mm 

 Oil:    160PZ poly-olester oil (supplied with the MTZ compressor) 

 Sound power level:  68.8 dB (with acoustic hood) 

 Current input:   8.45 A 

6.6 Expansion Valve 

Evaporating Temperature:  0°C 

Cooling capacity:   12.15 kW (10454.11 kcal/hr) 

Mass Flow rate:    0.080586 kg/s (290.11 kg/hr) 

Using the table for R-134a with an evaporating temperature of 7.2°C, it can be found that with an 

inner capillary tube diameter of 2mm, for a cooling capacity of 3000 kcal/hr, and a mass flow rate of 

69.74 kg/hr, the length of the capillary tube would be 1.10 m. This is for a condensing temperature 

of 45°C. Generally the length of the capillary tube increases by 2% for each degree increase in the 

condensing temperature. Since the condensing temperature is 40°C, no additional length needs to 

be added. For an evaporating temperature of -5°C, the length of the capillary tube is 1.09m. This is a 

minimal difference, and thus for a temperature of 0°C, 1.10m can be used. 

Per tube: 

 3 000 kcal/hr 

 69.74 kg/hr 

Therefore, when considering heat: 

    
      

     
 

             

When considering mass flow rate: 

    
      

     
 

            

Therefore five capillary tubes will be used for this application. 

The available capillary tube is one with an inside diameter of 1.55 mm and an outer diameter of 3 

mm. The wall thickness is 0.725 mm (Metraclark). For this diameter capillary tube, a length of 1.16 m 
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is required. The flow rate accommodated for is mass flow rate 32.54 kg/hr and the heat capacity is 

1400 kcal/hr. 

When considering heat: 

    
      

    
 

            

When considering mass flow rate: 

    
      

     
 

             

Therefore ten capillary tubes will be used for this application. 

Even though the length for the capillary tubes and the number of capillary tubes has increased, it is 

not an issue as these are very light components. It is better to use standard components, if possible, 

instead of manufacturing new ones. 

Capillary tubes can also be found using the Danfoss Programme DanCap. For this programme, values 

are entered and you are informed as to what length and diameter capillary tubes are optimal. This 

programme accommodates heat loads up to 34 000 BTU/hr. 

Converting the properties of the system 

 Refrigerant:   R-134a 

 Heat load of system:  53982 BTU/hr / 2 =26991 BTU/hr   

 Evaporating Temperature: 32°F     0°C 

 Condensing Temperature: 104°F     40°C 

 Return Gas Temperature: 32°F     0°C 

 Flow rate:   23.69 CFM     

 Length:    6 ½ in. 

 Inner diameter:   0.098 in. 

6.7 Suction Accumulator 

A suction accumulator is selected according to the nearest higher capacity for the system. For a 

capacity of 12.15 kW, the nearest higher capacity is 17.2 kW at a temperature of 0°C for refrigerant 

R-134a (Heldon Suction Accumulators, 2009). The properties of this Heldon suction accumulator are: 

 Part Number:    3100-125024A 

 Connection size:   ¾” ODS 

 Trapping capacity:   2.17 kg 

 Refrigerant:    R-134a 

 Temperature:    0°C 

 Maximum capacity of refrigeration: 17.2 kW 
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 Diameter (A):    127 mm 

 B     246 mm 

 C     216 mm 

 D     70 mm 

 Mass:     2.3 kg 

 

Figure 49: Heldon suction accumulator schematic (Heldon Suction Accumulators, 2009) 

6.8 Fan  

An axial fan will be used to pull the air through the condenser, which will increase the heat transfer 

rate between the hot refrigerant and the cooler air. The fan will cause forced convection rather than 

natural convection, which increases the heat transfer rate.  

 

Figure 50: System curve for fan selection 

Using a velocity of 3m/s, the flow rate can be calculated as: 

     

           

           

Assuming two heat sinks occur per length of tube (0.75 m), the Reynolds number was calculated for 

the air over a length of 0.375 m.  
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The pressure drop is 23 Pa over the condenser. The pressure drop and flow rate were used to specify 

the fan using the Howden Select-Donkin Fan Selection Programme. 

The fan which will be used is the Majax-2 710.20.D4 fan. The specifications of the fan are: 

 Blade angle degrees:  12 

 Flow Rate:   1.69 m3/s 

 Pressure:   23.31 Pa 

 Power:    0.08 kW 

 Peak Power:   0.09 kW 

 Speed:    720 rpm 

 Efficiency:   48.66 % 

 Pole Speed:   8 

 Tip Speed:   26.77 m/s  

 Temperature:   0.04 °C 

 Mass:    54 kg 

 Overall Dimensions:  Overall Diameter = 817 mm Length = 400 mm 

 Sound Power Level:  59.4 dBA 

This fan is very heavy although it has a relatively good efficiency. Therefore a different fan has been 

specified. 

Using a velocity of 2.5 m/s, the flow rate can be calculated as: 

     

             

           

The fan will therefore be a 0506/5 150 hub axial fan. The pressure drop is 17 Pa. 

 Blade angle:   25° 

 Hub diameter:   500 mm 

 Fan power:   0.1 kW 

 Sound level:   44 dBA 

 Fan efficiency:   24.5% 

 Speed:    960 rpm 

 Impeller blades:   5 GRP blades 

 Mass:    16 kg + 5*(1.1 kg)  = 21.5 kg 

 Size:    585 mm diameter, 400 mm casing length 

6.9 Pump  

The water pump is required to pump water at a flow rate of 1000 l/hr.  

The Reynolds number was obtained previously as: 
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A square edged inlet will be used and thus the flow will be regarded as turbulent for this Reynolds 

number. To determine the friction factor for turbulent flow, the Colebrook equation can be used. 

This equation requires iterations to determine the friction factor and is thus not preferred. 
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The Haaland equation is within two percent of the Colebrook equation, and is defined as: 
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Smooth tubes are being used and thus ε=0. 

  (
 

        (
   
  

)
)

 

 

 (
 

       (
   

     )
)

 

 

       

The head loss due to friction can be calculated as: 
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The head loss due to height is:  

      

        

This is the height of the evaporator. An additional height can be added, as the pump may be 

mounted lower than the evaporator.  This height is assumed to be an additional 200 mm. The head 

loss in the connecting tube can be calculated as well.  
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These values are the same as the actual evaporator tube because the water flows in the inside tube 

and thus, there is no need for the diameter to change. 
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Two elbows exist in the pipe network, each of 90° angles. The K-factor found in Table 6.5 (White, 

2011) for these elbows is 2. The head loss due to minor losses can be calculated: 
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The total head loss is calculated as: 

                                 

                               

          

The volume flow rate of the water is: 

     

   
      

 
         

                

              

The system curve for the pump is given in Figure 51. 
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Figure 51: System curve for pump 

The pump which will be used is Brubin pump CM MAG-P4. The following specifications exist for this 

pump.  

 Maximum head: 1.76m 

 Maximum flow rate: 1.9 m3/hr 

 Substance:  Water (no solid particles) 

 Power:   0.0124 kW 

 Speed:   1450 rpm 

 Mass:   5 kg 

 Motor:   380 V 

 Dimensions:  Length 285 mm, Width 148 mm, Height 166 mm 

6.10 Container and Mountings 

The chiller does not have a specified location and can be used in air-conditioning, industrial and 

aerospace applications. Therefore the system can be placed wherever necessary. The method used 

for the calculations of the container and mounting of the chiller were those prescribed by Parrott 

(2005) (Parrott, 2005). For 300W structural steel, the following properties exist: 

 Fy = 300MPa 

 Fu = 450MPa 

 E = 200GPa 

 G = 77GPa 

 

6.10.1 Container 

The base of the container needs to withstand the force of weight of the components and the 

container lid. 
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Assuming a thickness of 4.5mm for the material, 300W Stainless Steel, the following calculations 

were done: 

Mass of components = 100kg 

Volume of the lid material: 

       (      (       )    (     )   )            

The surface area of the steel is 5 m2 

The mass of the steel is 184.5 kg (EuroSteel, 2006). 

The base plate is 4.5 mm thick, with a surface area of 1.65 m x 1.15 m. 

The force of the mass on the base plate is: 

                     

The stress on the base plate is: 

  
 

 
 

     

          
                    

Therefore the thickness of the material for the containing box is sufficient. 

The total mass including the base plate is 394 kg. 

6.10.2 Mounting brackets 

Mounting brackets will be used to hold the container in place. The mass of the system is 

approximately 394 kg. Using 2 brackets to support the mass, each will need to support 197 kg. 

Hollow rectangular sections with bolts and nuts will be used as the mounting brackets. 300W steel 

will be used. 

 

Figure 52: Rectangular hollow steel section (Parrott, 2005) 
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 Where: 

 h = 25 mm 

 b = 25 mm 

 t = 2.5 mm 

 A = 0.204 x 103 mm 

 rx = 8.9mm 

 Zplx =1.64 x 103 mm 

 

 
 

  

   
          

Therefore this is a class 1 section. 

The system is fixed on both sides and thus the effective length factor K=0.65. 

  

 
 

         

      
            

Buckling Analysis: 
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The steel will be cold-formed stress relieved or hot-formed, therefore n=2.24. 

       (     ) 
 
  

                       (              ) 
 

     

           

This is greater than the weight of 3629.7 N and thus is sufficient when considering compression 

resistance. 

When considering flexural compression for bending, 

 

 
 

  

   
          

Therefore this is a class 1 section. 



68 
 

The force is the mass of the system, 394 kg. The mass per mounting bracket is 197 kg and therefore 

the weight is 1932.57 N. 

The distributed force is the weight per unit length: 

  
       

   
               

The maximum bending moment is calculated at the location halfway along the hollow section: 

   
   

 
            

The resistance is: 

          

                       

                      

Therefore the resistance is sufficient. 

6.10.3 Bolts 

For the containing box, in which the lid makes up 5 sides of the cube, therefore bearing bolts are 

used to transmit the load in bearing and shear. 

Class 8.8 bolts will be used with a tensile strength of 830 MPa (fu). 

M10 x 1.5 x 20mm Hex Bolts will be used. 

The bolts will be placed 25mm from either edge. 

           

                           

                           

      (          ) 

               
 

 
           

                      

The base plate will be welded to the mounting brackets which will then be attached to the floor or 

the wall using the bolts. 

The bolts to connect the mounting bracket to the floor will be Grade 8.8 M10 x 1.5 x 20 mm bolts, 

which will be placed 20 mm from the edge of the bracket. 
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The mass of the hollow square section is 1.817 kg/m; therefore the mass for the mountings is 

1.6353kg.  

6.11 Total Mass 

6.11.1 Standard components 

Component Supplier Mass/unit Units Total Mass 

Compressor Danfoss Maneurop 40 kg 1 40 kg 

Suction Accumulator Heldon 2.3 kg 1 2.3 kg 

Fan AMS 21.5 kg 1 21.5 kg 

Water Pump Brubin Pumps 5 kg 1 5 kg 

Capillary Tubes Metraclark 0.0464 kg/tube 10 0.464 kg 

Total Mass 69.264 kg 

 

6.11.2 Materials 

Material Supplier Mass/Unit Units Total Mass 

Evaporator 

Inner tube (43mm x 
1mm) 

Shanghai Metal 
Corporation 

0.4 kg/m 1 (21 m) 8.4 kg 

Outer Tube (50mm x 
1.25mm) 

Shanghai Metal 
Corporation 

0.55 kg/m 1 (21 m) 11.55 kg 

Condenser 

Tube (12.7mm x 
1.22mm) 

EuroSteel 0.119 kg/m 5 (6.1m) 3.63 kg 

Fins (2500mm x 1250mm 
x 0.5mm) 

EuroSteel 4.36 kg/sheet 11 44.1 kg 

Container     

Plates 
(6000x2000x4.5mm) 

EuroSteel 36.9 kg/m2 6.76 249.44 kg 

Mountings MacSteel 1.817 kg/m 0.9 1.6353 kg 

Bolts, Nuts, Washers 
(M10) 

Builder’s Express 0.03625 / set 8 0.29 kg 

Total Mass (including container) 364.045 kg 

6.12 Coefficient of Performance 

The coefficient of performance is an important factor in the design of this chiller. A COP of 2.2 is 

required. The system operates at the ambient conditions of Pretoria. The table below shows the 

average minimum and maximum temperatures for each month of the year (South African Holiday: 

Tshwane's (Pretoria's) Climate). This is important to consider because the coefficient of performance 
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is affected by the ambient conditions. These ambient conditions affect the performance of each 

individual component, and therefore, the entire system.  

Month 
Average Temperature (°C) 

Minimum Maximum 

January 16 27 

February 16 27 

March 14 26 

April 10 24 

May 6 21 

June 3 19 

July 3 19 

August 6 22 

September 9 25 

October 13 27 

November 14 27 

December 15 28 
Table 17: Average maximum and minimum temperatures for Pretoria 

 

Figure 53: Graph of average temperatures for Pretoria 

Taking the ambient temperature as 30°C (maximum): 

Point 1 (superheated vapour): 

 T1 = 10°C 

 P1 = Psat = 294 kPa  

 h1 = 407.3098 kJ/kg 

 s1 =1.758846 kJ/kg 

Point 2 (superheated vapour): 
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 T2 = 85.508 °C (interpolation) 

 P2 = P3 = 1318.1 kPa  

 h2 = 464.48 kJ/kg 

 s2 = 1.828 kJ/kg (interpolation) 

Point 3 (saturated liquid): 

 T3 = 50°C  (20°C higher than the ambient) 

 P3 = 1318.1 kPa 

 h3 = hf = 271.83 kJ/kg  

 s3 = sf = 1.2381 kJ/kg  

Point 4 (saturated): 

 T4 = 0°C 

 P4 = Psat = 294 kPa 

 h4 = h3 = 256.54 kJ/kg 

 x = 0.285037 

 s4 = 1.207 kJ/kg 
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Taking the ambient temperature as 3°C (minimum): 

Point 1 (superheated vapour): 

 T1 = 10°C 

 P1 = Psat = 294 kPa  

 h1 = 407.3098 kJ/kg 

 s1 =1.758846 kJ/kg 

Point 2 (superheated vapour): 

   
 ̇ 

 ̇
    

 
    

        
          

              

 T2 = 65.27 °C (interpolation) 

 P2 = P3 = 628.9 kPa  

 h2 = 452.73 kJ/kg 

 s2 = 1.8452 kJ/kg  (interpolation) 

 

Point 3 (saturated liquid): 

 T3 = 23°C    (20°C higher than the ambient) 

 P3 = 628.9 kPa 

 h3 = hf = 231.75 kJ/kg  

 s3 = sf = 1.11058 kJ/kg  

Point 4 (saturated): 

 T4 = 0°C 

 P4 = Psat = 294 kPa 

 h4 = h3 = 256.54 kJ/kg 

 x = 0.285037 

 s4 = 1.207 kJ/kg 
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The COP is not affected by the heat loss through the condenser. The work of the compressor and 

heat capacity of the system are affected by the evaporating and condensing temperatures. For this 

system, the lowest condensing temperature is 40°C, and thus the COP will have a maximum of that 

for the detail design. The lowest value for the COP is found when the condenser operates at the 

maximum temperature of 50°C. This value is 2.564 and thus the COP of this chiller will be greater 

than 2.2, which is required. 

6.13 Conclusion 

The detail design of the chiller is complete. Essentially, further improvements can be done to this 

design; however, due to the time constraint and the limited resources (such as supplier information) 

this is the best design possible. This is a first order design which can be improved, possibly with the 

use of software and during a longer time period.  

The coefficient of performance has been calculated as greater than 2.2 for all cases and thus any 

increase in the efficiency of one or more of the components will only further increase the COP. The 

components are not as efficient as they should be because it is a first order design and therefore 

only available information could be used to complete the calculations.  
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Chapter 7 

Manufacturing Analysis 

7.1 Introduction 

This design project requires the manufacturing analysis of two components, for which drawings 

were prepared. The two essential components in the chiller are the evaporator and the condenser. 

For this reason, the manufacturing analysis will focus on these two components. Other detail designs 

include the condenser distributor and the base plate. The container is a relatively simple 

manufacturing process and need not be discussed. Also, it can be a standard component if need be.  

Tube cutting is necessary for both components. Cutting oil must first be applied to the surface of the 

tube which will be cut. As cutting of the aluminium tubes becomes difficult, add more oil as needed. 

This will also preserve the tool. To cut through the tube, the jaws of the tube cutter are tightened 

around the tube. The cutter is then turned to make a ridge line. To make the cut, the jaws are 

tightened. The edges must then be filed to remove burns or sharp edges (Innis, 2013). 

7.2 Condenser 

The condenser consists of aluminium tubes with aluminium fins attached along the lengths of the 

tubes. Several bends are made in the tubes as to minimise space limitations (minimise length) and 

by using several tubes, the height can also be minimised. The tubes will be 10.26 mm inner 

diameter, 12.7 mm outer diameter tubes; with a length of 6.1 m. Aluminium tubes are available with 

a length of 5 m. Therefore two tubes will be needed per tube; however the additional length will 

need to be cut off using a tubing cutter. This can be used because aluminium is a soft metal.  The 

ends should be filed straight and smooth. The two tubes will be joined using the soldering method. 

It is easier to manufacture curved sections of pipe and join these curved sections to straight sections, 

instead of making several bends in one tube. Therefore these joints will be accomplished using flame 

brazing. Flame brazing can be used on aluminium tubes which will be used for R-134a applications, 

and protection is not required. A filler alloy, with a lower melting point than the tubes is used 

(possibly containing the flux as well). The brazing ring is placed on the tube and heated up with a 

torch. When the filler material has melted, the flame can be removed, and the sections are joined.  

The curved sections of the tube have a 100 mm diameter curve on the outer edge of the tube. The 

inner diameter of the curved section is 74.6 mm. These curved sections will be manufactured using a 

hydraulic bender. These sections will then be attached to the 650 mm straight aluminium sections.  

The fins will be attached to the straight sections, before they are joined to the curved sections. The 

fins are made from aluminium sheets and need to be cut to precision as they will fit over the 

aluminium tubes. Therefore laser cutting will be used. Another possibility is to use plasma cutting, 

however, many believe this is less precise than laser cutting.  The laser cutting will be used to cut the 

diameter of the tube out of the sheet and the fin size. The fins will be attached to the aluminium 
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tubes by the press-fitting method. This can be done either by thermal expansion of the fins or 

thermal contraction of the tube. It will be easy to heat the fins and to manoeuvre them because they 

are made from very thin aluminium sheets. Solder can be used to reinforce the fins if necessary.  

 

Figure 54: Condenser fin 

 

Figure 55: Condenser 

7.3 Evaporator 

The evaporator consists of two aluminium tubes which are helically coiled. The inner tube is a 43 

mm outer diameter, 41 mm inner diameter tube manufactured from aluminium 6061-T6. The outer 

tube is a 50 mm outer diameter, 47.5 mm inner diameter aluminium 6061-T6 tube. These tubes 

need to be bent to a hydraulic diameter of 60 cm, and the total tube length for each tube is 21 m.  

Since tubes are not available at a length of 21 m, tube sections will be soldered together to form the 

necessary length. The ends will then be cut using laser tube cutting. Water will flow through the 

inner tube of the evaporator, and the refrigerant will flow through the outer tube. The outer tube 

will have a face soldered to it and a tube will be connected to the top of the tube, through which the 

refrigerant will enter the evaporator. The hole through which the refrigerant enters the evaporator 

will be done using laser cutting. At the base of the evaporator, another tube will be connected to 
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allow for the refrigerant to exit the evaporator. This joint will also be accomplished using soldering. 

The water tube will continue with the same diameters, from the pump to the evaporator.  

The soldering will be done using a propane torch, aluminium flux, aluminium solder and a metal file. 

The tube edges need to be filed and cleaned prior to soldering them. The aluminium solder will be 

dipped into the aluminium flux prior to use with the torch (Smith, 2013).  

The connection for the condenser consists of seven tubes, of three different diameters. The holes 

where the tubes will join will be done using the laser cutting method and the tubes will be inserted 

into these holes with the press fitting method. Further soldering will improve the joint.  

 

Figure 56: Evaporator 

 

Figure 57: Refrigerant and water inlets of the evaporator 

7.4 Conclusion 

The two components discussed above are very important for the functionality of the chiller and 

must be manufactured to precision. Standard components will be manufactured by the suppliers 

and should perform as expected. The casing of the entire system does not affect the working of the 

system and is thus not as important. The casing is for aesthetic reasons and to protect the chiller 

from any debris or dirt which can affect the performance of the components.  

The laser cutting allows for precision and the flame brazing is a good method of joining tubes, 

however it is expensive. For the connector of the condenser tubes, laser cutting will also be used 

because precise holes have to be cut into the tube walls. The tubes can then be connected to each 
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other using the soldering method, which will be easier to use for the connection of tubes and plates 

which are not concentric or of equal diameters.  

  

Figure 58: Condenser distributor 

 

Figure 59: Condenser Assembly 

 

Figure 60: Container 

 

Figure 61: Assembly of the chiller  
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Chapter 8 

Maintenance Analysis 

Maintenance analysis is very important in the designing of a chiller. It is important to know what 

factors to look for and which parts may necessarily need to be replaced. An important factor in 

maintenance analysis is the consideration of how easily parts can be dismantled and how easily they 

can be replaced.  

8.1 Standard Components 

For this design, many standard components were used, such as the water pump, compressor, 

suction accumulator, expansion valve and fan. These components would need to be ordered in if 

failure of one occurs. This can take time, but this is quicker than manufacturing brand new 

components. The need for replacement of any of these standard components will require a 

shutdown of the chiller. 

8.2 Heat Exchangers 

The heat exchangers are designed to accommodate for system specifications. New tubes or fins will 

need to be manufactured if one fails. Five extra fins exist on each tube section of the condenser (35 

tube sections in total). This means that if one fin was to fail, it would not cause the system to be less 

efficient than required. The tubes are not internally finned, and thus are relatively easy to replace. 

They are also standard tubes, and can be ordered in. Replacement of any of these tubes or fins will 

require a shutdown of the chiller.  

The chiller can be placed indoors or outdoors and since it is being used to chill water, cooler 

conditions are not a problem. This will just enhance the system and improve the efficiency. Pretoria 

is not subject to extremely cold conditions and thus the chance of ice being existent on the chiller is 

minute. If temperatures do happen to fall very low, an insulating material can be placed over the 

containing box. The evaporator could be subject to ice build-up due to the cold temperature of the 

refrigerant. It is important to continually check for this, however, due to the ambient conditions, this 

should not be a problem. 

8.3 General  

In general, the chiller needs to be monitored. Sounds and vibrations of the chiller itself, or the 

individual components, can be an indication of a need to check the functionality. Some parts may be 

failing, or the lubrication may need to be changed, or more added. Early detection of this allows for 

more time to locate spare parts and will prevent the damage of all of the components.  

Any possible corrosion also needs to be monitored. This could affect the efficient working of the 

system. The condenser and evaporator are manufactured from aluminium, which has already 

corroded, and thus water will not cause the heat exchangers to corrode further. The standard 
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components could be affected by corrosion, if it exists. Periodical inspections will prevent corrosion 

from becoming a problem.  

The refrigerant may need to be replaced at intervals, and thus should also be inspected periodically. 

Any dirt in the refrigerant will cause the system to not operate correctly and could be detrimental to 

one or more of the components. Inspection of the containing box and the interior should be done 

often to prevent dirt from entering a component or the general surrounding space in the containing 

box. 

8.4 Inspections 

Inspection of the various standard components and manufactured components will allow for the 

determination of which elements need to be fixed or replaced. Inspections can be done during 

down-time. The inspection procedure is discussed in the qualification requirements chapter of this 

report. 

Inspection of fouling will also ensure that the heat exchangers (and specifically the condenser) are 

not subject to additional, unnecessary resistance to heat transfer. Any build up of dust or leaves can 

cause resistance on the fins. These areas can be cleaned and therefore the heat transfer and 

efficiency can be maintained. 

8.5 Conclusions 

Maintenance needs to be done on this system in order to ensure a long operational life, energy 

efficiency and reliability of the components. The design capacity must be sustained in order to 

continuously reach the design requirements. Inspections will ensure that the system is maintained 

when necessary. It is important to be aware of the sounds of the chiller because this can be an 

indication as to whether it is functioning correctly or not. The chiller can be maintained relatively 

easily as it is not a very complicated system. Many standard components are used and these can be 

replaced. 
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Chapter 9 

Reliability Analysis 

9.1 Introduction 

Reliability can be defined as “the extent to which an experiment, test, or measuring procedure yields 

the same results on repeated trials” (Merriam-Webster , 2013), or it can be viewed as how credible 

and dependable a system is. For a system such as a chiller, the reliability is a very important factor. 

Due to the change in temperatures, the results will not continually be exactly the same; however, 

they will always be better than the system requirements. A slight change in value will not cause this 

system to be unreliable. 

9.2 System Reliability 

This chiller system relies on the correct working of each component. If a single component fails, the 

entire system will fail, and thus will need to be shut down for maintenance. The number of 

components in this system is 18. 14 of these are standard components (10 capillary tubes, 

compressor, suction accumulator, fan and water pump). The not standard components are the 

condenser, evaporator and the two condenser distributors. The reliability can then be calculated. 

Reliability can be defined as: 

                     

Where ‘n’ is the number of components in the system. New, standard components are assumed to 

have a reliability of 100%. The designed components are assumed to have a reliability of 95%. The 

reliability of the system is therefore: 

       (    )   (   )  

         

Time factors allow for the calculation of the reliability of a system over its life span and this can be 

calculated by: 

  ∫  ( )  
 

 

 

                

The failure curve of the components is not known, prior to start up and thus this calculation cannot 

be performed until the chiller is in commission.   

Since there are five additional fins on each of the condenser tubes, if one were to fail, it would not 

have a significant impact on the efficiency of the condenser. There are a total of 175 additional fins 

on the condenser, and therefore this system will only begin to fail when 176 fins are not allowing the 

required heat transfer, this could possibly be due to fouling. To prevent the fouling, a grating is used 
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for the fan and the condenser to prevent leaves from entering the system. The system could be 

cleaned in order to remove the dust or leaves and the fins would perform as required. 

The tube length of the evaporator is longer than necessary, and therefore any slight changes to the 

working fluids, and their temperatures, will not cause a detrimental change to the entire system 

outcome. 

The use of capillary tubes in this chiller is important for the reliability factor. Capillary tubes are 

usually free from breakdowns (Cubigel Compressors), and thus are more reliable than expansion 

valves. This will increase the total reliability of the system. 

9.3 Conclusion 

This system is a quite reliable one and thus the reliability is not a concern. Over time, the reliability 

the system will decrease due to the probability of the components failing. The components can be 

subject to fatigue failure, but this will take a long period.   The initial running of the system should be 

one hundred percent reliable, as all components are new.  

The standard components have been tested and work as they are specified, therefore failure should 

not occur during the beginning period of the chiller. The manufactured components have slightly 

increased geometries and thus failure will only occur in these components if a complete through-

hole exists. Continuous inspection of the components will allow for the determination of any 

possible fatigue failure and therefore the entire system should not fail. 
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Chapter 10 

Qualification Requirements 

10.1 Introduction 

This chapter of the report focuses on the qualification requirements. The qualification requirements 

involve the inspection procedure of the chiller. Inspections can prevent the event of the system 

failing because it allows for the detection of any possible holes, corrosion or any defects on the 

system components.  

10.2 Supplier Requirements - Operational and Performance Parameters  

 Inlet temperature of chilled water:    20°C   

 Outlet temperature of chilled water:    10°C 

 Temperature drop in chilled water:    10°C 

 Chilled water flow rate:      1000 l/hr 

 Noise levels:       < 85 dB  

 Chiller efficiency:      COP > 2.2  

 Electrical power consumption of chiller and water pump: 

All of the requirements above have been met sufficiently, and thus the design could be used. If the 

manufactured components and standard components are manufactured correctly and within the 

tolerances given, the chiller should operate as expected and as required. Additional requirements 

involve the following: 

 Electrical components and systems are manufactured and controlled by licensed 

electricians. 

 A warranty of one year for the parts and a warranty of five years for the compressor.  

 Possible warning lights and alarms if the system is not operating correctly. 

 Rubber must be used between mountings to reduce vibrations and therefore noise levels. 

 Maintenance and inspections must be completed by licensed persons. 

The above points are not included in the mechanical design of the chiller, and thus when sold by a 

company, a total package should be created, using the chiller design, electrical design and the 

people who are allowed to service the chiller. 

10.3 Pre-start-up Inspection and Testing 

Before the chiller starts running, measurements of the wall thicknesses and diameters of the 

manufactured components should be checked to ensure they are as specified. This will allow for the 

chiller to perform as expected. The components should be installed correctly and the standard 

components should be new and clean.  
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Testing of the system can then be done to ensure that the system runs as expected and to ensure 

that the standard components work as they should. This testing will determine whether the 

components operate in accordance with codes, standards and design documents. Functional 

performance testing can then be done.  

10.4 General Inspections 

Water quality can affect the performance of the chiller. The pump can only be used with clean water 

containing no suspended particles. This means that the water quality must be monitored to ensure 

that the pump will not fail or become damaged. Continuous inspection of the water source and 

pump must be done. 

Maintenance and inspections ensure that the correct heat transfer, energy efficiency and operating 

life of the chiller are sustained. This means that testing of the components with respect to their wall 

thicknesses, corrosion and their functionality must be monitored.  

Inspections of the components can be done using visual testing, ultrasonic inspections or 

radiographic inspection. These inspection methods will determine whether the wall thicknesses in 

the connection tubes or the tubes of the evaporator or condenser have decreased. This should not 

be common, because R-134, air and water are non-corrosive, however, any suspended particles 

could cause corrosion and therefore a wall thickness loss. 

10.5 Evacuation 

Evacuation of the chiller system is a very important qualification requirement. Essentially the system 

is emptied of everything by the use of an evacuation pump. If a leak occurs, air could enter the 

system, which causes the water vapour in the air to mix with the refrigerant. When this mixture 

enters the expansion valve, the water will freeze and block the expansion valve. The freezing of the 

water is as a result of the large pressure drop. 

 This chiller will be filled with nitrogen at typical pressures which are two or three times that of the 

working pressure of the system. This specified pressure should be less than 17 Torr (approximately 

2 266 Pa). The addition of nitrogen will allow for the detection of water, as the water will begin to 

bubble. This will aid in the determination of whether a leak occurs, and where the leak occurs. Leaks 

are detrimental to any refrigeration system and thus detection is important. The use of nitrogen to 

flush out the chiller, will remove any moisture that exists. 

10.6 Refrigeration Charge 

Refrigeration charge is difficult to determine in the first few cycles of the chiller operating. A valve is 

added to the system, after the evaporator and before the suction accumulator. The refrigerant 

enters the system through this valve, as this is the loading point. After a few cycles, it will be possible 

to determine the mass of the refrigerant exists in the system, under the required conditions. The 

type of refrigerant is already known, R-134a. 
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10.7 Product Specifications 

 Product name:    Chiller 

 Rated water temperature:  10°C 

 Refrigerant:    R-134a 

 Cooling capacity:   12.15 kW 

 Noise level:    68.8 dBA 

 Power input:    3.773 kW 

 Weight:     137 kg 

 Quality approved:   Yes 

 Manufacture date:   21 June 2013 

 Warranty:    1 year for components, 5 years for compressor 

 Model:     ChillerSRA1 

10.8 Conclusion 

Inspections and maintenance of the components in this chiller system will sustain the service life, 

reliability and ensure that the design capacity is sustained. Performance of the chiller is important 

and thus through inspections, early detection of failure can prevent the entire chiller being 

destroyed (if dirt were to enter the system). 

Inspections require the complete shut-down of the system and should be done when the chiller is 

not required, possibly after hours, or when the aeroplane is undergoing other maintenance. This 

reduces additional down-time and ensures that the system is running sufficiently.  
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Chapter 11 

Cost Analysis 

11.1 Introduction 

Cost analysis is an important part of design, because essentially cost needs to be kept to a minimum 

in order to compete with other designs, and also to be affordable. This chiller design, however, is a 

first-order design and costs have not been minimised completely. The tables show the costs of the 

standard components, material costs and labour costs, as well as the total costs for this chiller 

system. 

11.2 Cost of Standard Components 

Component Supplier Cost/Unit Units Total Cost 

Compressor Danfoss Maneurop  
Reco 

R11 742 1 R11 742.00 

Capillary Tubes (Alibaba) 20 US$/kg 0.464 kg R85.60 

Fan AMS R3 500 1 R3 500.00 

Suction Accumulator Heldon R350 1 R350.00 

Water Pump Brubin Pumps R5 600 1 R5 600.00 

Total Cost R21 277.60 

11.3 Cost of Materials 

Material Supplier Cost/Unit Units Total Cost 

Evaporator 

Inner tube (43mm x 
1mm) 

Shanghai Metal 
Corporation 

1.35 US$/m 21 m R261.50 

Outer Tube (50mm 
x 1.25mm) 

Shanghai Metal 
Corporation 

1.8 US$/m 21 m R348.66 

Condenser 

Tube EuroSteel R10.5/m 5 x 6.1 m R320.25 

Fins Laser Junction See Labour costs 11 sheets - 

Material Cost Excluding Container R930.41 

Container 

Plates 
(6000x2000x4.5mm) 

Beijing Startion Iron 
& Steel Co., Ltd 

US$ 600/ton 249.44 kg R1 521.71 

Mounting Brackets  ≈R300 2 R600.00 

Bolts , Nuts, 
Washers(M10) 

Builder’s Express R4.24 4 each R16.96 

Bolts, Nuts, 
Washers (M20) 

Builder’s Express R7.94 4 each R31.76 

Total Cost R3 100.84 
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11.4 Labour Costs 

Type of Work Supplier Cost/Unit Units Total Cost 

Laser Cutting Laser Junction 
(Material and cutting) 

   

Fins R3.02 7 525 R22 725.50 

Bending R400/hr 5 hours R2 000.00 

Assembly  R400/hr 2 hours R800.00 

Total Costs R25 525.50 

11.5 Rent and Utility Costs 

Office space can be rented in Menlyn, Pretoria for a cost of R120.00 per month (Free Property Ads, 

2012). Since the assembly of this chiller will take less than one month, the rent will cost a total of 

R120.00. Utilities for an 85m2 apartment cost approximately R1 350.00 per month (Numbeo, 2013). 

This includes, water heating, electricity and garbage. The total rent and utilities cost is therefore 

R1 470 per month. 

11.6 Total Costs 

Cost Type Cost 

Standard Components R21 277.60 

Material R3 100.84 

Labour R25 525.50 

Rent and Utilities R1 470.00 

Total R51 373.94 

 

The exchange rate is at R9.2238 to the United States Dollar (ABSA, 2013). 

Since this design is an Original Equipment Manufacturer (OEM), the total cost of the materials and 

standard components can be cut by approximately 50%. Therefore the total cost of the materials, 

will thus be R12 913.17 (including the fins) 

Cost Type Cost 

Standard Components R10 638.80 

Material R12 913.17 

Labour R2 800.00 

Rent and Utilities R1 470.00 

Total R27 821.97 

11.7 Conclusion 

Although not all of the prices were obtainable exactly, this is a good approximation as to the total 

cost of the chiller. The chiller could also be made more than once and therefore bulk buying can 

further drop the costs of manufacturing this chiller. As an OEM, the price of the material costs can 

decrease by 50%, which causes a large drop in the chiller manufacturing cost.   
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Chapter 12 

Social, Legal, Health, Safety and Environmental Impacts 

12.1 Introduction 

In this age, social, legal, health, safety and environmental impacts are very important considerations 

for a design. Due to the increasing demand of safe and clean environments, it is important to ensure 

that all laws are abided by, and that fatal accidents cannot occur. 

12.2 Social Impacts 

A social impact which could cause irritation to humans is the smell of the working fluid, refrigerant 

R-134a. This refrigerant, however, has no ‘strange stench’ (R134a Refrigerant). 

12.3 Legal Impacts 

South Africa is one of the many countries which have agreed to the Kyoto Protocol. This means that 

only certain refrigerants can be used in air-conditioning systems, refrigeration, heat pumps and 

other systems. The use of refrigerant R-134a ensures that legality is satisfied for this chiller.  

Codes and standards are required to be satisfied when designing a mechanical part or system. Since 

codes do not exist for the design of a chiller, this is not an issue. The containing box abides by the 

SANS code for structural steel design (Parrott, 2005). For these reasons, the chiller is legal in terms of 

the physical system. 

Sound power levels need to be kept to a minimum when designing a system. This can be difficult but 

since the chiller is not in close proximity to people, it is not a legal issue. The sound level should be 

kept below 85 dB. This is discussed in the safety impact section of this chapter. 

12.4 Health Impacts 

Rust is harmful to both the environment and people. Rust occurs as a result of the chemical reaction 

between iron water and oxygen. This rust then flakes off and can cause lung irritation when inhaled 

(Judge, 2013). For this reason the metal which is used for the components should not be susceptible 

to too much rust or be in an environment where rust can occur. Aluminium is a metal which will not 

rust as it spontaneously forms a thin oxide layer on the surface when exposed to air, and thus it was 

the choice for the components. Also, the components are in a container and thus water should not 

exist on the exterior of the components. 

No hearing loss should occur due to the operation of this chiller. This is discussed in the safety 

impacts section of this chapter. The insulation which is used for the evaporator is non-allergenic and 

non-irritant and thus does not pose any health problems. 
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12.5 Safety Impacts 

When considering the safety of this chiller, it is important to determine whether the working fluid is 

safe. The refrigerant R-134a is safe to use because it is not flammable, non-explosive, non-irritant 

and non-corrosive (R134a Refrigerant). 

An important safety factor nowadays is that of sound power levels. The threshold of pain is at 120 

dB and the accepted level is 85 dB for an eight hour period. Since none of these components 

individually exceed this level, the system is safe. For a further reduction in sound power level, rubber 

could be placed between the components and their mountings, to reduce the vibrations and 

therefore decrease the sound level. The chiller is self-operational and does not require a person to 

be in close proximity; therefore ear muffs are not required. If inspection is required, the chiller can 

be shut-down, or the inspector could wear ear-muffs. During maintenance, the chiller would be 

shut-down and therefore the sound level will not be an issue.  

The components are safe as they are contained in a box. Therefore persons cannot harm themselves 

on any of the components, and they will not be able to break any of the components. The chiller will 

also be on the outside of a building, or above the ceiling and therefore it will be difficult to get to, 

unless inspection or maintenance is required. 

The insulation which will be used on the evaporator is environmentally friendly as it is manufactured 

from recycled paper. It is fire resistant, non-irritant, non-toxic and non-allergenic (Eco-Insulation).  

12.6 Environmental Impacts 

A major impact on the environment, when considering a chiller, is whether or not the refrigerant is 

environmentally safe or not. R-134a is environmentally friendly as it does not contain chlorine, which 

forms chloro-fluro-carbons which cause ozone depletion. Since the Kyoto Protocol was enforced in 

February 2005, in order to reduce emissions and therefore combat climate change, the refrigerants 

which are used have changed to those with lower ODP’s (Ozone Depletion Potential) and lower 

GWP’s (Global Warming Potential). Refrigerant R-134a has an ODP of 0 and a GWP of 0.29 (R134a 

Refrigerant), in comparison to the former refrigerant which was used, R-12, which has an ODP of 1 

and a GWP of 2400 (Refrigerants - Environmental Properties).  The refrigerants environmental effect 

is determined by the ODP and the GWP. The ODP gives the “relative amount of degradation it can 

cause to the ozone layer” and the GWP shows how much a mass of gas contributes to the 

greenhouse effect (heat trapping capability) (Refrigerants - Environmental Properties).  

Aluminium has been used for all of the manufactured parts, as it is corrosion resistant.  Therefore 

aluminium does not further negatively impact the environment. Also, the refrigerant R-134a is non-

corrosive. The lack of rust dust ensures that the environment is not damaged. Through inspection, it 

can be found if any leakages of the R-134a are occurring. Any leakage results in an addition to global 

warming, and so this must be prevented. Wall thickness inspections and connection inspections can 

be done to prevent this. 

Energy and efficiency of a system is important due to the energy demands. This system is efficient 

having a coefficient of performance of greater than 2.2. The individual components are relatively 

efficient and therefore energy is saved. The fan and the fins are not as efficient as they should be, 
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however, since this is a first order design, and it is difficult to obtain all of the prices and fan curves, 

it is difficult to specify a better fan. 

The insulation used for the evaporator is made from recycled paper and thus is helping the 

environment, by not using another product which is non-renewable. Also, paper is wasted and thus 

with this insulation, the wastage amount is less. 

12.7 Conclusion 

In conclusion, this chiller satisfies all legal requirements and through continuous inspection, the 

system will abide by these requirements. If wall thicknesses decrease and corrosion occur, 

maintenance can be done.  This system is environmentally friendly as it is energy efficient, makes 

use of an environmentally friendly refrigerant and is free from rust and corrosion. Safety aspects 

involving the sound level and general safety are both accounted for. For these reasons, the chiller 

design is safe and environmentally friendly, and thus can be used. 

  



89 
 

Chapter 13 

Drawings  

The drawings which have been included show an assembly drawing with the overall dimensions, and 

where each component should be placed. The assembly drawing also shows the total number of 

parts in the system. The detail drawings are manufacturing drawings. These can be given to the 

manufacturer, and he or she will know exactly what is required, including the material, tolerances 

and dimensions of the part.  

Detail designs have been done of the evaporator, condenser, condenser distributor and base plate. 

The condenser distributor will be used at the inlet and the outlet of the condenser. The drawings are 

given in appendix D of this report.  

The CAD drawings were done on SolidWorks. The CAD drawings done were the assembly drawing 

and the detail designs of the evaporator and the condenser. Hand drawings were done of the base 

plate and condenser distributor. 
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Chapter 14 

Conclusions and Recommendations 

14.1 Conclusions 

The project requires the design of a chiller, which is both efficient and environmentally friendly. The 

requirement of the chiller is to deliver chilled water at 10°C from a temperature of 20°C, at a flow 

rate of 1000 l/hr. The system is to have a coefficient of performance (COP) of greater than 2.2. 

The literature study allowed for knowledge gained in terms of the workings of the system 

components, and the types of materials and heat exchangers that should be used. A functional 

analysis has been done to specify which each main component is required to do in the system. 

Concept generation and concept selection were then done to determine the best heat exchangers 

for the system as well as the best layout and containing boxes.  

Detail design was then done for the standard components, and for the components which needed to 

be manufactured. This was a lengthy process which involved the use of spreadsheets to determine 

the most efficient and the most compact way to design the heat exchangers. The specification of the 

standard components was difficult because suppliers were not always willing to give the required or 

necessary information. 

Analyses were done to determine the manufacturing method, maintenance method and inspection 

requirements. Also, the reliability and cost were determined and discussed. The final analysis was 

that of the environmental, social, legal, health and safety impacts of this chiller design. This is a very 

important chapter as the considerations and requirements nowadays are closely monitored and 

there are many stipulations about what is acceptable. 

The standard components specified are quite efficient. Although the fan is not very efficient, the size 

is also an important factor which resulted in the choice of the less efficient fan. Capillary tubes, even 

though less efficient than expansion valves, have a much lower mass and price.  

In conclusion, this chiller is energy efficient and environmentally friendly. These are two very 

important aspects when designing a mechanical system. The COP requirement for this project has 

been exceeded, for all temperatures in Pretoria. In fact, the efficiency is much greater especially in 

winter. This is due to condensing temperature still being at 40°C, but the air temperature being less 

than 20°C. 

14.2 Recommendations 

It is recommended that further investigation into this chiller be done, including the use of software 

and a longer time period. It is very difficult to get prices from suppliers and thus the best component 

could not always be selected. More information from suppliers would allow for a better cost 
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estimate to be accomplished. Also, if more than one person was to work on this project, better ideas 

could be thought up. 

A crank case heater should be added to the compressor to prevent the failure of the compressor. 

These are particularly suited to low ambient climates or to areas where large temperature 

fluctuations occur. Essentially a crank case heater will prevent backflow of the refrigerant and 

therefore the prevention of a mixture of oil and refrigerant. This is due to the fact that during any 

down-time, the compressor will cool down. If the oil and refrigerant mix, there is less oil available to 

lubricate the compressor, which can lead to failure. Crank case heaters are corrosion resistant and 

water resistant (Specific Systems, 2013). 

14.3 Limitations 

This was a first order design and therefore it is quite basic. Further calculations and knowledge could 

improve the design. A lot of knowledge about thermodynamics and heat and mass transfer was 

gained throughout this project. Further knowledge could ensure that the chiller is designed correctly 

and that every analysis is done. 

Assumptions were made with regards to the components in the chiller and these assumptions affect 

the workings of it. Steady state components were used. 

Suppliers were not also reachable and therefore the best price and product was not attainable. 

Therefore the cost and mass could have further been reduced, but due to time restraints, and being 

a student, the best information was not always attainable. 
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Appendix 
 

Appendix A: Protocol and Progress Reports 

Protocol 

MOX 410     Project Protocol 

Energy efficient chiller for the cooling of water in industrial and aerospace applications 

Samantha Ayres 
10261720 

User Requirements 

A chiller is to be designed in order to be used for air-conditioning, industrial and aerospace 

applications.  

 The chiller must operate with a COP of 2.2 (Coefficient of Performance). 

 1000l/h Chilled water must be produced at 10°C with an inlet water temperature of 20°C. 

 The ambient conditions are that of Pretoria. 

 Standard components must be used for the compressor, pump, expansion valve and fan. 

 The two heat exchangers (evaporator and condenser) must be designed, as well as the 

containing box and the entire system layout, as well as the supports. 

 

Problem/Objective 

The COP of a chiller is approximately 2 (and often, less than 2). A more efficient chiller is required 

and therefore a chiller with a greater COP. This increase in efficiency is better for the environment 

and from an energy point of view. A chiller with a COP of 2.2 is therefore required to be designed. 

 

Methodology to solve the problem 

In order to solve the problem, I will follow this procedure: 

1. Perform calculations needed to determine standard components 

2. Determine required inlet pressures and temperatures to design the heat exchangers 

3. Ensure that the COP of the system is 2.2, or greater. 

4. Design the entire system. 

5. Design the heat exchangers. 

6. Investigate different heat exchanger types. 
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Chapters 

1. Introduction 

2. Problem Statement and objective 

3. User requirements 

4. Literature study 

5. Functional Analysis 

6. Design Requirements/ Technical Specifications 

7. Concepts 

a. Concept generation 

b. Concept selection 

8. Detail Design 

a. Calculations 

b. Analysis 

9. Manufacturing Analysis 

10. Maintenance Analysis 

11. Reliability Analysis 

12. Qualification Requirements 

13. Cost Analysis 

14. Social, legal, health, safety and environmental impacts 

15. Drawings (Compilation and four detail designs) 

 

Deliverables 

The outcomes of the project will be given in report format, accompanied by manufacturing 

drawings. A presentation will be done, highlighting the important information at the end of the 

course. 

 

Project Plan 
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First Progress Report 

Student: Samantha Ayres 
                             10261720 

Study leader:  Professor J.P. Meyer 

Thus far, for my design project, I have completed concept generation and concept selection. I have 

started my detail design for the project and have determined which standard compressor and 

standard suction accumulator will be used. The literature study has been completed and the 

refrigerant used for the chiller will be R-134a.  

I am behind on schedule, in that my detail design is not complete yet, but I have accommodated for 

this possibility with an extra two weeks to finish my report at the end of the semester. It has been 

difficult to complete the detail design by this point in time, because the information necessary to 

complete it has not been acquired as of yet. Further supervision into the calculations is needed.  

The design components will be a helical-finned condenser which will be advantageous for space 

requirements, and will have high heat transfer rate due to the fins. The evaporator designed will be 

a double pipe heat exchanger which is folded onto itself, as to accommodate for space limitations. 

Once the detail design is completed, I will begin the drawings, both on software and by hand. The 

remainder of the report is different analyses, including manufacturing, reliability, maintenance, 

quality, cost and social, legal and health effects.  

I aim to spend more time on this design per week than previously, because the majority of the 

outsourced information will be collected already, and this takes time. It will be easier to complete 

the work once I have all of the information that I need. As I continue with this project, more 

problems may be encountered which will have to be dealt with. I hope to accommodate for this with 

the extra time I allocated at the end of the semester.  

I now have a better understanding of what is required of me and I know which calculations to 

complete. Once these calculations are complete, I will be able to design my components, and then I 

will be able to complete the analyses. 
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Second Progress Report 

Student: Samantha Ayres 
                             10261720 

Study leader:  Professor J.P. Meyer 

Thus far with my design project I have completed my detail design, manufacturing analysis, and 

maintenance analysis. I am a bit behind schedule because before the first progress report, I 

struggled to obtain the information that I needed to complete the work I had assumed would be 

done by then. This then caused me to be a bit behind schedule for this progress report. 

I had originally allocated two weeks to completing my report, but as I have been editing along the 

way I will not need this much time. Therefore I will use most of this time to finishing the drawings 

and other analyses. I have begun the reliability and cost analysis, but the cost analysis is very difficult 

to complete as I am waiting on suppliers for prices as well as masses and therefore cannot complete 

these sections. This, however, involves entering values and therefore major calculations are not 

necessary. The only part of the detail design which still needs to be completed, is the calculation of 

the total mass, but as stated before, I am awaiting information from suppliers. 

It has been very difficult to get information when I need it and thus this has slowed me down a bit. I 

can still complete my project in time, as the majority of the report is complete. I have also begun my 

CAD drawings and will complete these as soon as possible. The assembly drawing can only be done 

when I know the dimensions of all of the components so that I know where they can fit in order to 

minimise space wasting. 

I could not complete the drawings prior to this time because I was not sure of the size of the 

components or how they would be manufactured. I have tried to catch up as much as possible since 

the last progress report, but I have seen that a major flaw in my time planning was that of assuming 

the detail design would take less time than it should. I should have allocated more time to this at the 

beginning of the semester. The detail design also took longer than expected, because even one small 

error can affect all of the calculations. For this reason, as well, I should have allocated more time to 

detail design. 

This project has been a learning curve for me, because I have realised how important planning is. As 

this is my first big project which I have had to do, I did not know how long certain tasks would take. I 

do now, and therefore better planning can be done in the future. There is a month before the hand 

in is required and this is enough time to finish off the report and complete the drawings. 
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Appendix B: Meeting Log Card 
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Appendix C: Additional Calculations 

Condenser 

Flow over a Circular Cylinder 

The Reynolds number for the air at an assumed velocity of 2m/s 

   
  

 
 

 
          

          
 

       

From table 7-1 (Cengel & Ghajar, 2011), for forced convection over a circular cylinder: 
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Appendix D: Drawings 
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Appendix E: Data Sheets 

Aluminium 
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Compressor 
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Pump 
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Suction Accumulator  
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Capillary Tubes 

Danfoss Programme 
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Cubigel - Capillary Tube Selection Table 

Recommendations for the determination of capillary tube size 

 

Table considers condensing temperature Tc = 45 °C. Non adiabatic flow in capillary... 
Increase length 2% per each K of increase of condensing temperature... 

 
 

TABLE FOR REFRIGERANT R134a (HMBP) 

Capillary tube length (m) 

QASH M 
Capillary tube internal diameter (mm) & Evaporating temperature (°C) 

0,7 0,8 0,9 1 1,2 1,5 1,7 2 

kcal/h kg/h -5 7,2 -5 7,2 -5 7,2 -5 7,2 -5 7,2 -5 7,2 -5 7,2 -5 7,2 

100 2,32 4,11 3,86                             

110 2,56 3,40 3,20                             

120 2,79 2,88 2,71                             

130 3,02 2,45 2,31                             

140 3,25 2,12 2,00 4,30 4,04                         

150 3,49 1,84 1,74 3,77 3,55                         

160 3,72 1,62 1,53 3,32 3,12                         

170 3,95 1,43 1,35 2,93 2,76                         

180 4,18 1,27 1,21 2,63 2,48                         

190 4,42 1,14 1,08 2,36 2,23 4,43 4,16                     

200 4,65     2,13 2,00 3,99 3,76                     

220 5,11     1,75 1,65 3,31 3,12                     

240 5,58     1,47 1,40 2,78 2,63 4,88 4,59                 

260 6,04     1,24 1,18 2,36 2,23 4,15 3,91                 

280 6,51     1,06 1,02 2,04 1,93 3,60 3,40                 

300 6,97         1,77 1,68 3,13 2,96                 

320 7,44         1,55 1,47 2,75 2,60                 

340 7,90         1,36 1,30 2,42 2,29                 

360 8,37         1,21 1,15 2,17 2,06                 

380 8,83         1,08 1,03 1,94 1,84 5,19 4,89             

400 9,30             1,74 1,66 4,67 4,42             

450 10,46             1,36 1,30 3,69 3,48             

500 11,62             1,09 1,05 2,99 2,83             

550 12,78                 2,46 2,33             

600 13,95                 2,05 1,95             

650 15,11                 1,73 1,65 5,83 5,50         

700 16,27                 1,47 1,42 5,00 4,73         

750 17,43                 1,28 1,23 4,38 4,15         

800 18,60                 1,11 1,08 3,84 3,64         

850 19,76                     3,39 3,22         

900 20,92                     3,00 2,86         

1000 23,25                     2,40 2,30 4,80 4,54     

1100 25,57                     1,98 1,90 3,94 3,74     

1200 27,89                     1,64 1,58 3,28 3,12     

1300 30,22                     1,37 1,33 2,79 2,66     

1400 32,54                     1,16 1,13 2,38 2,29     

1500 34,87                         2,05 1,98 5,01 4,76 

1600 37,19                         1,78 1,72 4,42 4,21 

1700 39,52                         1,55 1,51 3,90 3,72 

1800 41,84                         1,36 1,33 3,45 3,31 

1900 44,17                         1,20 1,18 3,08 2,95 

2000 46,49                         1,06 1,05 2,75 2,65 

2250 52,30                             2,12 2,06 

2500 58,11                             1,66 1,63 

2750 63,92                             1,35 1,33 

3000 69,74                             1,09 1,10 
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