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Abstract 

 

Refrigeration systems on industrial plants such as dairy processing facilities are 

major consumers of energy.  The higher the efficiency of these systems the 

lower the cost of electricity and subsequent carbon emissions from electricity 

produced from fossil fuels.  

 

Traditionally chemical treatment of cooling loops for refrigeration systems has 

been undertaken in a reactive manner.  The treatment regime is only changed 

when there is a detrimental effect on the system such as the development of 

corrosion, scale or biofilm.  Often this results in medium to long term losses in 

efficiency before the situation is rectified. 

 

A predictive model has been developed that has the potential to allow real time 

control of chemical treatment for cooling loops.  The model predicts the film 

thickness for common fouling materials found in cooling systems and the heat 

transfer efficiency losses associated with this fouling.  Such a predictive model 

can be used in conjunction with monitoring of the apparent heat transfer 

efficiency to infer the film thickness and therefore guide chemical treatment 

programmes. 

 

The model was tested against foulant efficiency relationships published by 

Qureshi and Zubair, Macleod - Smith and The Carrier Refrigeration Handbook. 

In all three cases the predictive model produced results that agreed with the 

results for each of these sources. 

 

The model was also tested using the reticulated ammonia refrigeration system 

at Fonterra Whareroa.  Psychrometric, climatic, data logged temperatures and 

sensor data from the Whareroa system database were used to calculate the 

efficiency of one of the refrigeration system’s condensers (EC1).  Resulting heat 

of rejection values and an estimated thermal conduction constant (k) based on 

a deposit analysis were used as inputs for the model to calculate the predicted 

foulant film thickness.  Inspection of the evaporative condenser during the June 
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2010 shut determined the model had predicted the foulant film thickness to 

within 6% of the measured 1.62mm.  

 

An energy balance was completed on the reticulated ammonia refrigeration 

system at Whareroa to provide a better understanding of the system dynamics. 

Unfortunately it was not possible to obtain complete agreement between heat 

load and heat of rejection for the ammonia system – the level of agreement 

ranged from 8.9 to 30.2%.  This variability seems to be explained by incomplete 

monitoring of the condenser fan speed. 

 

Although the predictive model produced results that agreed with three other 

researchers the level of efficiency determined by the model is dependent on the 

accuracy of a number of variables including the thermal conductivity value (k-

value) chosen for the foulant material creating the insulating film on the 

evaporative condenser coils. This is easy to determine for a pure compound but 

there is no model available to predict the thermal conductivity of a composite 

fouling material.  Consequently this would be one improvement that could be 

made to the model in the future. 

 

Model capabilities would also be enhanced by incorporating the commercial 

version of EES.  This would allow the model to be automated for ‘on-line’ real 

time system monitoring. 

 

The evaporative condensers at Fonterra Whareroa that were used for this study 

are ‘base load’ heat of rejection units, i.e. they are always fully loaded or turned 

off.  Consequently it is recommended that the model is further tested on 

refrigeration systems with variable loads to determine the accuracy for partial 

load situations, and also on systems with a range of fouling materials. 
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CHAPTER 1  INTRODUCTION 

 

1.1 Introduction 

 

Refrigeration has played an important role in the development of the New 

Zealand economy.  The meat processing and dairy export business which 

began in 1882 (International business forum, 2009), would not have been 

possible without the advent of refrigeration. 

  

New Zealander’s lives are impacted by refrigeration every day.  Heat pumps 

and air conditioning are used to cool and heat living and work spaces, and to 

preserve our food through the use of chillers and freezers.  Refrigeration is also 

used to extract heat from industrial processes through the use of equipment 

such as plate heat exchangers, compressors and cooling towers. 

 

During most types of refrigeration heat is transferred from the material that 

requires cooling to another material – the ‘coolant’ or ‘refrigerant’.  The rate of 

heat transfer between the two materials is proportional to the temperature 

difference between the two materials.  Any resistance to heat transfer created 

by ‘fouling’ of the heat transfer surfaces will have a detrimental effect on the 

efficiency of the transfer of heat and may create issues for the process the 

refrigeration system is connected to. 

 

The mechanical vapour compression refrigeration process is a cyclic 

thermodynamic process that combines four stages:  expansion, vapourisation, 

compression and condensation.  The refrigerant experiences changes in its 

pressure, temperature and state during the cycle.  

 

Each of the four stages is associated with a component of the refrigeration 

system.  The descriptions below for each stage refer to the ideal cycle situation 

(the numbers on Figure 1 refer to the relevant component description): 
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1) Metering device (expansion) that ‘throttles’ the saturated refrigerant 

and causes a reduction in pressure and temperature while 

maintaining a constant enthalpy (isenthalpic).  Also known as 

expansion or throttling valves. 

2) An evaporator (vapourisation) is the heat exchanger where heat is 

captured from the environment requiring cooling.  The uptake of heat 

causes the refrigerant to vapourise resulting in an increase in 

enthalpy equivalent to the latent heat of evaporation (vapourisation). 

The process occurs at constant temperature and pressure so it is an 

isothermal and isobaric process. 

3) A compressor (compression) separates the low pressure (suction) 

side of the system from the high pressure (discharge) side of the 

system.  The refrigerant is compressed from the saturation pressure 

in the evaporator to the saturation pressure within the compressor.  In 

an ideal situation this process occurs at constant entropy (isentropic). 

4) A condenser (condensation) is another heat exchanger that rejects 

heat from the compressed vapour to the external environment, 

reducing the superheated vapour (refrigerant) to a liquid.  The heat 

rejected is equivalent to the heat of evaporation plus the heat of 

compression. 

 

In reality the refrigeration process does not fully duplicate the ideal cycle 

described above.  The two primary reasons for this are due to the dynamics of 

evaporation and condensation. Refrigerant leaving the evaporator is 

superheated, i.e. at a higher temperature than the low pressure saturation 

temperature.  The refrigerant leaving the condenser is subcooled, i.e. colder 

than the high pressure saturation temperature.  This is shown on the Mollier 

diagram in Figure 1 by points C, C’ (superheating) and A, A’ (subcooling) 

respectively.  The refrigerant leaving the expansion valve is a mixture of vapour 

and liquid.  This is shown in figure 1 as point B, which is within the saturation 

envelope.  In large systems the liquid refrigerant leaving the expansion valve is 

separated from the vapour, and only the liquid is sent through the evaporator. 
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Figure 1: The Refrigeration cycle and associated Mollier diagram 

Source: (Broeck, 2007) 

 

Referring to the Mollier diagram in Figure 1, the expansion stage is represented 

by points A’ to B, the evaporation stage by points B to C’, the compression 

stage by points C’ to D and the condensation stage by points D to A’. 

 

The main energy input into the refrigeration system is to run the compressor.  If 

the system is running at below optimum efficiency then more energy will be 

required to compress the refrigerant vapour to achieve the same amount of 

cooling.  A key determinant of the efficiency of the system is the effectiveness 

with which the condenser rejects heat from the system.  A reduction in the 

effectiveness of rejecting heat will be indicated by an increase in the 

condensation temperature.  As the condensation temperature rises the 

compressor has to work harder to achieve the same level of cooling. 

Consequently, it is very important to minimise the condensation temperature in 

a refrigeration system so that energy use can be optimised. 
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In many situations an intermediate step is used to transfer heat from a process 

or environment to the refrigeration system.  Water transfers heat from the 

process or environment that requires cooling to the evaporator where the heat 

load is transferred to the refrigerant stage.  For many moderate temperature (4-

200C) industrial processes (Nalco, 1988) water is the preferred heat transfer 

medium to use in this situation due to its availability and high heat capacity.  

 

Antifreeze agents are added to depress the freezing point of water for 

applications at or below 0C.  These agents include calcium and sodium 

chloride, methanol, glycerin, ethylene and propylene glycol.  In many moderate 

temperature applications water is also used to transfer the heat rejected at the 

condenser to the environment.  These systems are often called ‘cooling water 

systems’. 

 

1.2  Cooling water system chemical treatment 

 

When water is used as a heat transfer medium treatment chemicals are often 

added for a number of reasons: 

 

 To prolong its usefulness and therefore reduce waste (closed 

loops). 

 To depress the freezing point of water, as noted above. 

 To attenuate the corrosive or scaling effects associated with a 

particular water source (corrosion and scale inhibitors). 

 For the reduction and removal of micro-organisms that may lead 

to fouling, corrosion (biocides and bio-dispersants) and a build-up 

of harmful pathogens such as Legionella. 

 

An explanation of how these water treatment chemicals function is described 

below: 
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1.2.1 Corrosion inhibitors  

Corrosion occurs when conditions allow an electrical cell or “corrosion circuit” to 

develop.  Chemical reactions occur at the anode to remove metal, and at the 

cathode to remove oxygen.   

 

An effective corrosion control programme usually depends on specific inhibitors 

for stopping the anodic reaction, slowing the cathodic reaction, or both. 

Typically, inhibitors used for corrosion protection in cooling water systems are 

chemical compounds as summarised in Table 1.  Although these inhibitors are 

identified as either anodic or cathodic, the exact mechanisms by which they 

function are not precisely known.  In several instances, an inhibitor may exhibit 

both anodic and cathodic characteristics, but one may predominate (Nalco, 

1988). 

 

Table 1: Typical Corrosion Inhibitors 

Principally anodic Principally cathodic Both anodic and 

cathodic 

Chromate Calcium carbonate Organic filming amines 

Orthophosphate Polyphosphate Phosphonates 

Nitrite Zinc  

Silicate   

Source: (Nalco, 1988), (p 20.17) 

 

When inhibitors were first introduced for the treatment of water systems, they 

were frequently composed of single active components (e.g. chromate).  Over 

the years, some ingredients have been shown to improve the performances of 

others by the principle of synergism.  For example, chromate by itself requires a 

concentration of 200 to 300 ppm to be effective as a corrosion inhibitor but if it is 

combined with small quantities of zinc it is effective at 20 to 30 ppm. 
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1.2.2  Scale inhibitors 

Scale forms where there is a critical concentration of scale-forming minerals 

such as calcium, magnesium and silica and the chemical conditions are suitable 

for deposition to occur.   Scale tends to form in hot regions of the cooling 

system because scale-forming salts solubility reduces with increase in 

temperature. 

 

Scale inhibitors act in several different ways to stop scale formation as 

summarised in Table 2. 

 

 

Table 2: Typical scale inhibitors 

 

Scale inhibitor Primary mode of action 

Phosphonates Scale conditioning 

Poly-phosphonates, EDTA Threshold inhibition 

Acrylic polymers, lignins, tannins Scale conditioning 

Anionic polymers Threshold inhibition 

Source: (Nalco, 1988), (pp21.11-13) 

 

Threshold inhibition chemicals prevent scale formation by keeping the scale- 

forming minerals in solution and not allowing a deposit to form.  Scale 

conditioners modify the crystal structure of scale, creating bulky, transportable 

sludge instead of a hard deposit.   

1.2.3 Biocides 

The purpose of a cooling water biological treatment programme is to control the 

growth of micro-organisms (bacteria, algae, fungi, and protozoa) and macro-

organisms (eg. mussels and clams) in cooling water systems.  These organisms 

can cause serious problems including loss of heat transfer efficiency, corrosion, 

flow restriction, and public health issues. 
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Treatment often requires the use of biocides to kill microbe colonies and 

dispersants of concentrated surfactants to loosen and wash them away.  

Biocides can be classed as oxidising and non-oxidising.  Oxidising biocides 

oxidise important cellular components in micro-organisms resulting in death of 

the organism.  Non-oxidisers react with specific cell components within a micro-

organism to ultimately destroy that cell.  Table 3 summarises typical chemical 

compounds used as biocides. 

 

Table 3: Typical biocides 

Oxidising Biocides Non-oxidising biocides 

Chlorine gas  Isothiazolone 

Sodium hypochlorite (bleach) Dibromonitiloproprionamide (DBMPA) 

Sodium bromide Glutaraldehyde 

Chlorine dioxide Alkyl Dimethyl Benzyl Ammonium Chloride 

(Quaternary ammonium compounds)  

Ozone Carbamates 

Bromochlorodimethylhydantoin Terbuthylazine 

 Methylene Bis-Thiocyanate 

Source: (Nalco, 1988), (pp 22.1-16) 

 

Over time a colony of micro-organisms will develop a resistance to a particular 

biocide.  Consequently it is important to use a combination of two different 

biocides (usually an oxidising and non-oxidising biocide) to maintain good long 

term microbiological control of a specific water system. 

 

1.2.4 Treatment programme management 

It makes good economic sense to optimise the use of these water treatment 

chemicals.  In New Zealand approximately $50 million dollars is spent on water 

treatment chemicals per annum to protect industrial plant from microbiological 

activity, scale formation and corrosion.   Many industrial plants such as Fonterra 

Whareroa would spend in excess of $500,000 per annum for chemicals to keep 

their cooling water systems in optimum condition. 
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A large percentage of the chemicals used for the treatment of cooling water are 

not good for the environment.  Biocides are designed to kill living cells so they 

are potentially hazardous to people and the environment, particularly 

waterways, if not managed appropriately.  Several of the corrosion inhibitors are 

based on metals such as zinc and chromium, which also have a negative 

impact on the environment due to their toxicity if poorly managed.  

 

The majority of methods used to control the rate of addition of inhibitors and 

biocides are based on the concentrating effects of cooling systems where 

evaporation is the primary means of heat removal.  As water evaporates the 

impurities that are dissolved or suspended in the water are left behind.  As the 

rate of evaporation increases there is a proportional increase in the 

concentration of impurities.  The level of impurities in a system is controlled by 

the removal of ‘cycled’ water (bleeding) from the system and replacing it with 

fresh (makeup) water at a flow rate that maintains a constant level of 

contaminants.  Generally the dissolved contaminant level is measured by 

conductivity and the chemicals are dosed proportional to makeup water flow.  

 

1.3 The project environment 

 

This project will focus on the refrigeration system at Fonterra Whareroa situated 

at Hawera in the Taranaki region of New Zealand. 

 

Fonterra Whareroa is an example of a dairy processing plant that carries out 

industrial milk processing to produce cheese, milk powder, whey protein 

products, casein and butter (refer Figure 2).  Electricity is also generated on-site 

through the use of steam turbines. 

 

Chilled water is used to cool milk arriving on site to 5C or less to inhibit the 

growth of micro-organisms.  Chilled water is then used in other dairy process 
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sequences such as cooling after pasteurisation, Ultrafiltration (UF), and cooling 

of silos.  

 

 

Source:  Fonterra Whareroa Engineering Department 

Figure 2: Basic milk processing flow diagram for the Fonterra 

Whareroa plant 

     

Heat is transferred from the chilled water to the ammonia in the reticulated 

refrigeration circuit using counter current flow plate heat exchangers. 

 

Figure 3 provides an example of the seasonal heat load profile through the 

plant.  The implications of heat load and heat capacity for the plant are 

discussed further in Chapter 3. 
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Figure 3: Example of seasonal heat load profile from processing plants 

to chilled water at Fonterra Whareroa for the period August 

2009 to July 2010.  

 

1.4 Energy management 

 

Under the Kyoto Protocol New Zealand has made a commitment to reduce its 

CO2-equivalent1 (CO2-e) emissions to pre-1990 levels.  If this is to become a 

reality, or more realistically if the trend of increased CO2-e is to be reversed then 

industry will need to be more discerning about electricity generation and use. 

 

Figure 4 provides a summary of the use of fuels for thermal energy generation 

for the period 1990 to 2007.  The use of gas and coal has increased 

significantly during this 17-year period.  Gas use has increased by 2.2% per 

annum and coal has increased by 9.9% per annum.  This increase has 

contributed significantly to the increase in CO2-e emissions per MegaWatt hour 

(MWhr) of electricity produced from 0.12 tonsCO2-e/ MWhr in 1990 to 0.17 

tonsCO2-e/ MWhr in 2007 for New Zealand (Table 5). 

                                             
1 Greenhouse gas emissions are presented as carbon dioxide equivalents 
(CO2-e) from the direct greenhouse gases carbon dioxide (CO2), Methane 
(CH4) and Nitrous oxide (N2O), based on their global warming potential. 
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Figure 4: Thermal electricity generation emissions by fuel type for New 

Zealand (kt CO2 equivalents)  

Source: (New Zealand Ministry of Economic Development, 2008) 

 

 

Figure 5: Emission factors for electricity generation and  

  consumption for New Zealand. 

Source: (New Zealand Ministry of Economic Development, 2008) 

 

The CO2-e emission factor for Whareroa is 0.634t per MWhr (Fonterra, 2010) 

due to the high level of CO2 in the gas that the plant uses for Cogeneration.  All 

other Fonterra plants use 0.22 t CO2-e per MWh. 

 

Refrigeration is a significant user of electricity at Fonterra Whareroa.  The 

refrigeration system uses approximately 10% of the total electricity used on site.  
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Optimising the efficiency of the refrigeration plant will assist Whareroa to make 

meaningful reductions in electricity use and CO2-e emissions. 

 

As previously stated the cost of treating the system’s used for cooling 

applications at Fonterra Whareroa is approximately $500,000 per annum. 

However the dose rate required to treat these system’s is very low, in the order 

of 10 to 20 ppm (0.001 to 0.002%). Therefore the imbedded ‘Carbon footprint’ 

associated with the production and manufacture of these treatment chemicals is 

negligible when compared to the ‘Carbon footprint’ associated with the energy 

used to power the Refrigeration system. Consequently, for this study any CO2-e 

produced in the manufacture of the treatment chemicals has been ignored. 

1.5 Problem statement 

 

The dosing of treatment chemicals in a ratio proportional to makeup water flow 

does not consider the condition of the system.  If the heat transfer surfaces are 

becoming fouled the first indication is a loss in process efficiency and in many 

cases this is too late. 

 

An added complication is that the efficiency ratings of evaporative condensers 

integrated into refrigeration systems are based on ‘design’ parameters.  Design 

efficiency values provided by manufacturers for these condensers are based on 

maximum capacity heat loads.  When the condenser is not fully loaded it is 

difficult to quantify the efficiency of this partially loaded unit because the 

efficiency relationship is not linear.  This is because evaporative condensers 

reject heat by a combination of sensible heat transfer from the water film on the 

outside of the coil to the air and latent heat through evaporation of the water film 

to the air.  Both heat and mass transfer mechanisms must be considered 

simultaneously to quantify the efficiency of the condenser (ASHRAE, 2008) 
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1.6 Objectives 

 

The primary objective of this project is to develop a control algorithm that 

manages chemical addition by assessing the efficiency of the heat transfer 

process at all load levels and then taking any necessary remedial action in real 

time. 

 

This study will focus on the condensing component of the refrigeration cycle.  

The rationale being, that the condenser is often a major determinant of 

refrigeration efficiency and power consumption due to its function of rejecting 

the heat of evaporation plus the heat of compression.  Although changes in 

condenser temperature do not have as great an effect on refrigeration cycle 

performance as changes in vapourisation temperature at the evaporator  

(Dossat & Horan, 2001, pp127-129), optimising condenser efficiency reduces 

the saturation condensing temperature (and therefore pressure), resulting in 

lower energy use by the compressor(s). 

 

A reduction in condenser efficiency results in a loss in heat rejection capacity 

which ultimately leads to an increase in the saturation temperature (pressure) of 

the condenser.  The resulting higher discharge pressure places an increased 

load on the condenser.  Obviously if the condenser cannot reject the total heat 

load a ‘limiting factor’ is created that will ultimately dictate a reduction in heat 

load from the process, i.e. a slowdown in production rate if heat rejection 

capacities are exceeded. 

 

The specific objectives of this study are to: 

 

1. Complete a comprehensive literature search to determine the techniques 

that are currently in use for estimating partial load heat transfer 

efficiencies.  Particular emphasis will be placed on models that consider 

the effects of water side fouling on condenser efficiency. 
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2. Complete an energy balance and process dynamics study of an existing 

manufacturing facility so that the site can be used for model testing.  This 

understanding of the system will also be used to monitor total system 

performance when a single parameter has been modified.    

 

3. Assess identified models using condensers at known heat load levels. 

 

4. Quantify the economic and environmental impacts of chemical dosing 

systems when the model is used. 

 

5. Provide recommendations for potential refinements to the models tested. 

 

1.7 Summary 

 

Refrigeration is extremely important to the economy of New Zealand. It is also a 

significant user of energy.   

 

The mechanical vapour compression refrigeration cycle is a four-stage process 

consisting of expansion of refrigerant to a liquid at low pressure, evaporation to 

a vapour to uptake energy (heat), and compression of the vapour to a higher 

pressure providing a manageable condensation temperature at the condenser 

where the energy is rejected from the system. 

 

The use of treatment chemicals and good management practices allow industry 

to optimise the efficiency of these systems and in doing so reduce the 

environmental impact through CO2 emissions caused by electricity generation 

from fossil fuels. 

 

This project will focus on developing a model that can be utilised as a tool for 

monitoring refrigeration system efficiency at varying loads to allow optimisation 

of energy use. 
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Figure 6 provides a flow diagram for the development of this project: 

 

 

 

 

Figure 6: Flow diagram for the development of the thesis 
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CHAPTER 2 EFFICIENCY ASSESSMENT OF 

REFRIGERATION SYSTEMS 

 

2.1 Background 

 

Refrigeration processes are a significant user of energy on industrial sites.  As 

an example, approximately 10% of the energy budget of a milk (dairy) 

processing site is consumed by the compressors that drive the refrigeration 

plant.  Consequently, efficiency losses could have a significant impact on the 

economic viability and indirect environmental impact for industrial plants with 

refrigeration systems due to increased electricity demand. 

 

The performance of a refrigeration cycle and its associated cooling processes 

can be precisely defined using the laws of thermodynamics.  There are two 

main energy inputs to the refrigeration cycle (Dossat & Horan, 2001): 

 

 The energy required to vapourise (and superheat) the liquid refrigerant in 

the evaporator (Qe) (kW) 

 The energy required to compress the low pressure refrigerant vapour to 

a high pressure in the compressor (Wcomp) (kW) 

 

Qe represents the cooling that is done by the refrigerant system. Wcomp 

represents the energy input to the compressor:  in fact, due to the inefficiencies 

of the compressor motor, slightly more electrical energy will be required.  The 

sum of the energy Qe and Wcomp is rejected to the external environment at the 

condenser.  That is, there is one main energy output (Qc).  The magnitude of Qc 

is simply given by the first law of thermodynamics:   

 

ࢉࡽ ൌ ࢋࡽ ൅(1)                                                           ࢖࢓࢕ࢉࢃ 

 

 

Where the energy flow for each process is given by: 
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Q ൌ mrh ሺkWሻ             (2) 

 

Q  =  heat transfer (kW) 

mr   =   mass flow rate of refrigerant (kg/s). 

h     =  refrigerant enthalpy change over the evaporator or 

the   condenser (kJ/kg). 

 

And  Wcomp  = mrh ሺkWሻ                          (3)  

  

h = refrigerant enthalpy change over the compressor (kJ/kg). 

 

Depending on the exact system configuration there is also electrical energy 

input to run the condenser fans, various pumps and peripheral devices. 

However, the compressor is the main electrical energy consumer in the 

refrigeration cycle (typically greater than 75%). 

 

When there is no change in phase but a change in temperature (sensible heat), 

the energy balance for this situation may be given by: 

 

Qൌ mr CpT ሺkWሻ             (4) 

 

Where  mr   = mass flow rate of refrigerant (kg/s) 

Cp  = specific heat of refrigerant (or other substance) (kJ/kg C)  

T  = change in temperature at condenser or evaporator (C) 
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2.2 Heat rejection capacity of evaporative condensers and cooling 

towers 

 

The main focus of this study will be on the condensing component of the 

refrigeration cycle.  This is because the condenser(s) are the point where the 

combined heat load from the processes of evaporation and compression are 

rejected to the external environment and consequently where a chemical water 

treatment programme will influence the efficiency of the refrigeration system. 

Ultimately, the primary objective of this thesis is to provide a tool for monitoring 

any reduction in efficiency of the condenser in real time so that the internal 

water treatment of the water side of the heat exchanger can be adjusted to 

correct this situation.  

 

It is also simpler working with the cooling loop of the condenser than the chilled 

water at the evaporators because there are no added complications from the 

process to consider. 

 

Air cooled condensers, open cooling towers and evaporative condensers are all 

options for removing heat from a refrigeration system.  In contrast to open 

cooling towers and evaporative condensers, air cooled condensers work 

against dry bulb temperature and therefore are less effective than wet bulb 

devices.  This project will not be considering air cooled condensers because 

they do not use water and therefore do not require chemical treatment. 

 

Open cooling towers and evaporative condensers are both used to transfer heat 

from a process such as a refrigeration system to the environment through 

evaporation of water on the surface of metal tubes.  The evaporation of this 

surface water cools the tubes, which contain high temperature refrigerant, 

cooling the refrigerant vapour until it reaches the saturation temperature 

(assuming it is superheated, which is typical).  On reaching the saturation 

temperature, the refrigerant is condensed.  Once it is liquid, the refrigerant may 

be further subcooled (reduced in temperature below the saturation 
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temperature). Typically (for a standard system operating in New Zealand 

conditions), the refrigerant will have a saturation temperature of around 30 C. 

 

Assuming that the heat transfer surfaces are clean, the main determinant of 

efficiency is the ability of the atmosphere to absorb the vapour evaporated at 

the heat transfer surface.  This is the reason why open cooling towers and 

evaporative condensers are sometimes termed ‘wet bulb sensitive devices’. 

 

This ‘wet bulb sensitivity’ can be explained through application of the equation 

for heat transfer through a heat transfer surface.  

 

ࡽ ൌ  (5)                   ࢓࢒ሻࢀ∆ሺ࡭ࢁ

 

Where  Q  = Heat flow (kW) 

   U  = Overall heat transfer coefficient (kW/m2 K) 

  A  = Heat transfer area (m2) 

  ሺ∆Tሻlm = Log mean temperature difference 

 

Assuming design conditions, if U  is fixed and A is fixed then ሺ∆Tሻlm is the only 

variable that can vary. ሺ∆Tሻlm is dependent on the WB temperature of the air 

entering the condenser. Hence the condenser is sensitive to changes in WB 

temperature.   

 

The main factor that determines the quantity of heat that can be rejected from a 

process using evaporation, also termed its capacity, is the atmosphere’s ability 

to absorb the vapour that is being evaporated.  The primary atmospheric 

property that describes this is the relative humidity. 

 

Relative humidity (RH) is defined  (Dossat & Horan, 2001, p319) as the ratio of 

the partial pressure of the water vapour in the atmosphere to the saturation 

pressure of the water vapour at the current dry bulb temperature.  As RH 

increases, the atmosphere’s ability to absorb more water vapour decreases, 

resulting in a reduction in the efficiency of an evaporative cooling device, such 
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as an evaporative condenser or open cooling tower.  The limit occurs when the 

atmosphere cannot absorb any more water vapour (i.e. humidity is 100%), then 

the process of evaporation cannot occur. 

 

In practical terms the wet bulb temperature (WB) is often used to determine the 

relative humidity of an environment because it is easier to measure.  The wet 

bulb temperature is the temperature measured by a thermometer with a wetted 

wick.  A thermometer with a wetted wick is cooled (by evaporation) to below the 

temperature measured by a dry bulb thermometer.  The difference between the 

Dry Bulb and the Wet Bulb temperatures is termed the ‘wet bulb depression’ 

and this is directly related to the RH.  The greater the wet bulb depression, the 

more evaporative cooling of the wick has occurred, hence the lower the relative 

humidity.  As the wet bulb depression increases so too does the evaporation 

rate of the condenser.  This will result in an increase in the efficiency of the 

open cooling tower or evaporative condenser.   

 

Table 4 summarises the difference in characteristics for air at 20C (DB) and 

atmospheric pressure for two different relative humidities:  50% and 90%.  At 

50% RH the WB temperature is 13.8C, giving a wet bulb depression of 6.2.  In 

comparison, at 90% RH the same environment yields a wet bulb depression of 

1.14.  Therefore the change (increase) in RH has moved the saturation curve 

closer to the constant relative humidity curve. 

 

Table 4:      Thermodynamic properties of air at 20C for relative humidities 

of 50% and 90% at atmospheric conditions (STP) 

 

Variable RH 50% RH 90% 

Pressure (kPa) 101.3 101.3 

Wet bulb temperature (C) 13.78 18.86 

Humidity ratio (kg/kg) 0.0073 0.0132 

 

This relationship can also be illustrated using an Is plot.  In Figure 7 below, 

point A shows the intersection of the DB curve at a value of 20C with the RH 
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curve for 50%. The corresponding humidity ratio (x axis) is 0.0073 kg/kg. 

Therefore the amount of water that the air under these conditions can absorb 

before saturation is 0.0148-0.0073 = 0.0075 kg of water per kg of dry air. 

 

In comparison at point B, the intersection of the DB curve at a value of 20C 

with the RH curve for 90%, the humidity ratio is 0.0132 kg/kg.  So, the amount 

of water that the air under these conditions can absorb before saturation is 

0.0148-0.0132=0.0016 kg of water per kg of dry air, i.e. 0.0059 kg per kg of dry 

air less than at 50% RH.   
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Figure 7: Is plot for air at atmospheric conditions. 

Point A shows the intersection of the DB curve at a value of 20C with the RH curve for 50%. The corresponding humidity ratio (x 

axis) is 0.0073 kg/kg. Therefore the amount of water that the air under these conditions can absorb before saturation is 0.0148-

0.0073 = 0.0075 kg of water per kg of dry air. 

In comparison at point B, the intersection of the DB curve at a value of 20C with the RH curve for 90%, the humidity ratio is 

0.0132 kg/kg. So, the amount of water that the air under these conditions can absorb before saturation is 0.0148-0.0132=0.0016 

kg of water per kg of dry air, i.e. 0.0059 kg per kg of dry air less than at 50% RH.  
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2.3 Cooling Towers 

 

In principle a cooling tower cools water by evaporation.  Cooling towers reject heat 

through both mass (water particles) and heat transfer (latent heat) mechanisms. 

Two basic types of evaporative cooling devices are used by industry (ASHRAE, 

2008).  The first of these, the direct-contact or open cooling tower, exposes water 

directly to the cooling atmosphere and transfers the system heat load directly to the 

atmosphere.  The second is the closed-circuit cooling tower, also called an 

Evaporative Condenser.  Closed-circuit cooling towers indirectly contact the heat 

transfer fluid or vapour with the atmosphere. 

 

If we refer to equation (5): ࡽ ൌ  the essential points are that for the  ࢓࢒ሻࢀ∆ሺ࡭ࢁ

evaporative condenser we only need to consider one calculation that accounts for 

both the wet bulb temperature and the refrigerant condensing temperature.  In 

comparison for the open cooling tower we need to consider two calculations.  One 

equation is at the cooling tower that accounts for the wet bulb temperature and 

cooling water temperature.  The second equation is at the condenser which 

accounts for the cooling water temperature and the refrigerant temperature.  The 

issue here is that the condensing temperature of the refrigerant cannot get as close 

to the wet bulb temperature, which results in a higher operating cost due to the 

refrigerant condensing at a higher pressure.  

 

2.3.1 The Evaporative Condenser 

 

An evaporative condenser is an evaporative cooling device that cools a refrigerant 

(or process fluid) through the mechanism of heat transfer.  The evaporative 

condenser combines the cooling strategy of an air cooled condenser (sensible 

heat) with that of an open cooling tower (latent heat).  Water is sprayed onto coils 

containing the vapourised refrigerant returning from the process it is cooling.  It is 
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important that the spray completely wets the coil to optimise the efficiency of the 

heat transfer surface.  

 

The refrigerant condenses and the heat of condensation is transferred through the 

wall of the coil to evaporate the water.  The evaporated water is then absorbed by 

the air in the condenser.  This air is then driven out into the environment using air 

fans (refer Figure 8 below) which also draw in dry air.  The efficiency of the 

condenser increases as the quantity of air through the unit increases.  In practical 

terms the air flow through the condenser is limited by the power requirements of 

the fan and the maximum air velocity that can be permitted without carryover of 

water droplets.  

 

 
 

Figure 8: An Evaporative Condenser  

    Source:  (Manske, Reindl, & Klein, 2001) 
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2.3.2 The open cooling tower 

 

There are several design configurations for open cooling towers.  Figure 9 

demonstrates the general operational principles.  Cooling water transferring the 

heat load from the process is distributed as a spray at the top of the tower, where it 

flows down through a fill packing that is used to maximise the surface area of the 

evaporation zone.  Air is forced up through the fill using a fan and the heat of 

evaporation is removed from the water on the fill.  The cooler water is then 

collected in the ‘cold well’ at the base of the tower before being re-circulated to the 

process.  Water lost through evaporation is made up by the addition of fresh 

‘makeup’ water to the cold well to maintain a constant level. 

 

 

Figure 9:  Direct-Contact or Open Cooling Tower 

    Source:  (ASHRAE, Chapter 38: CONDENSERS, 2008) 
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2.4 Performance determination 

 

There are a few different ways to view the efficiency of the refrigeration cycle and 

they are all inter-related.  The Coefficient of Performance (COP) is a common 

measure of a refrigeration system’s overall energy efficiency.  COP is defined in 

several ways in the literature, although all are the ratio of cooling done to work 

done by the compressor that is required to do that cooling.  The various COP 

definitions differ in what is considered to be the “work done by the compressor”. 

For this project the following definition will be used: 

 

ࡼࡻ࡯ ൌ
ࢋࡽ
ࢉࡽ

 

               (6) 

 

The higher the value of COP, the greater the energy efficiency of the system. 

 

Another metric for measuring the performance of a refrigeration system is the Heat 

Rejection Factor (HRF).  HRF  is a ratio of the heat rejected at the condenser to the 

heat accepted at the evaporator.  The actual HRF  a particular condenser is capable 

of can be described as a function of the outside air wet bulb temperature.  Manske, 

Reindl, & Klein (2001, p19), provide a procedure for optimising this relationship 

(Appendix 1) as it is system and site specific.    

  

Any change in the HRF  may indicate a change in the heat transfer characteristics 

of the condenser. 

 

The actual heat rejected at the evaporative condenser is determined by dividing 

the nominal heat rejection capacity by the HRF. 

 



41 

 

ࢉࡽ ൌ
ࢉࡺ

ሻࢀ࡯ࡿ,࢈࢝ࢀሺ ࡲࡾࡴ
 (7) 

       

and  ࢉࡽ ൌ  (8)                         ࡲࡾࡴࢋࡽ

 

Where Nc is the Nominal capacity is the design capacity defined by the          

manufacturer of the evaporative condenser.  

HRF is the heat rejection factor at a particular wet bulb temperature 

and saturation condensing temperature. 

 

Nc and HRF at a specific wet bulb and SCT are commonly supplied by the 

manufacturer (refer Appendix 2 for the typical procedure). 

 

The relationship of HRF  to COP is: 

 

ࡲࡾࡴ ൌ
ࢉࡽ
ࢋࡽ

 

                (9) 

 

and   ࢖࢓࢕ࢉࢃ ൌ ࢉࡽ െ                            ࢋࡽ

                  (1) 

 

Combining these equations: 

 

ࡲࡾࡴ ൌ
ࢋࡽା࢖࢓࢕ࢉࢃ

ࢋࡽ
     =    

࢖࢓࢕ࢉࢃ
ࢋࡽ

൅ ૚   =    
૚

ࡼࡻ࡯
൅ ૚      

           (10) 

Where ࢖࢓࢕ࢉࢃ is the work done by the compressor. 

 

In summary, the efficiency of the refrigeration cycle varies in response to changes 

in the saturation temperature of the refrigerant at the condenser.  If the saturation 

temperature at the evaporator remains constant (constant suction pressure), the 
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efficiency of the cycle decreases as the SCT (at the condenser) increases.  This 

increase will be realised when the heat transfer capacity of the condenser is 

reached.  If any fouling of the heat transfer surfaces is present, then this heat 

capacity of the condenser will be reached at a lower Heat of Rejection (HOR) level 

than the manufacturer’s design specifications. 

  

2.5  Efficiency Modelling 

 

A survey of the literature indicates only a limited number of studies that focus on 

the performance of evaporative condensers.  However, Ettouney, El-Dessouky, 

Bouhamra, & Al-Azmi ( 2001), provide an excellent summary of the development of 

modelling for evaporative condensers, from the very early models developed by 

Goodman (1938) and Thompsen (1946) to the predictive model developed by 

Peterson, Glasser, & Williams  (1988). 

 

A number of recently developed models that focus on efficiency of evaporative 

condensers have been reviewed. Brownell (1998), Manske, Reindl, & Klein (2001), 

Ettouney, El-Dessouky, Bouhamra, & Al-Azmi (2001), and Qureshi & Zubair 

(2006), have all developed models to optimise the efficiency of wet cooling towers 

and evaporative condensers for industrial processes.  

 

Brownell’s model is based on an effectiveness approach that is defined as the ratio 

of the condenser capacity to its maximum possible capacity at the same operating 

conditions.  Where maximum capacity is the capacity achieved with no fouling 

present.  

 

Since evaporative condensers reject heat through both mass (latent) and sensible 

heat transfer mechanisms, the effectiveness factor (Ef) must be based on enthalpy, 

rather than temperature alone. 
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ࢌࡱ ൌ
࢚࢟࢏ࢉࢇ࢖ࢇࢉ ࢘ࢋ࢙࢔ࢋࢊ࢔࢕࡯

࢚࢟࢏ࢉࢇ࢖ࢇࢉ ࢓࢛࢓࢏࢞ࢇࡹ
ൌ

,࢘࢏ࢇࢎሺࢇ࢓ ࢚࢛࢕ െ ,࢘࢏ࢇࢎ ሻ࢔࢏

,࢘࢏ࢇࢎሺࢇ࢓ ,࢚࢔ࢇ࢘ࢋࢍ࢏࢘ࢌࢋ࢘ࢀሺ࢚࢛࢕ ࢀ࡯ࡿ
ሻ െ ,࢘࢏ࢇࢎ ࢔࢏

ሻ
 

           (11) 

 

Where Ef  is the effectiveness of an evaporative condenser 

,࢘࢏ࢇࢎ   is the enthalpy of ambient air drawn into the evaporative    ࢔࢏

condenser. 

,࢘࢏ࢇࢎ   is the enthalpy of air at the exit of the evaporative   ࢚࢛࢕

condenser. 

,࢘࢏ࢇࢎ ,࢚࢔ࢇ࢘ࢋࢍ࢏࢘ࢌࢋ࢘ࢀሺ࢚࢛࢕ ࢀ࡯ࡿ
ሻ  is the enthalpy of saturated air at the refrigerant    

condensing temperature. 

ma  mass flow rate of air (kg/s) 

 

Manske (2001) incorporated the Brownell effectiveness approach into a research 

project that developed a model of a refrigeration system for optimising system 

performance.  One of the findings of the study was that operating system head 

pressures that minimised the energy costs of the system were found to be a linear 

function of outdoor wet-bulb temperature. 

 

Ettouney et al (2001) explained that the maximum amount of heat is removed from 

an evaporative condenser and hence effectiveness is maximised as the 

condensate temperature cools to the wet bulb temperature of the air in the 

condenser. 

 

Qureshi and Zubair (2006) have also completed a comprehensive evaluation of the 

literature.  Their review found that some of the early researchers made problematic 

assumptions such as assuming that the spray water temperature is constant.  This 

results in a meaningless outcome as determined by Parker & Treybal (1961).  They 

also explain that Webb & Villacres (1984) have developed three computer 

algorithms that have been used to perform rating calculations of three evaporative 

cooler heat exchangers.  These algorithms are “useful for rating commercially 
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available heat exchangers at off-design conditions.”  Qureshi and Zubair’s work 

develops this concept further.  

 

Qureshi and Zubair’s mathematical model explains the dynamics of evaporative 

coolers and condensers, and how these dynamics are affected by fouling.  This 

approach is supported through previous work carried out by Dreyer (1988), 

Mizushina, Ito, & Miyashita (1967) and Webb & Villacres (1984). 

 

The dynamics of this model are possibly best represented as a diagram which is 

provided as Figure 10 below. 

 

 

Figure 10:  Dynamics of the Qureshi & Zubair model  

The refrigerant condensers on the coil wall and the latent heat flows 

to the water film by means of conduction and convection.  The heat is 

then transferred to the air stream by evaporation and mass transfer.  
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The Qureshi and Zubair model considers the flow of heat from the condensing 

refrigerant on the coil wall to the air flowing through the evaporative condenser.  

On condensing, the latent heat from the refrigerant flows through the coil wall by 

means of conduction and convection to the thin water film on the outside of the 

coil.  The heat is then transferred to the air stream by means of evaporation and 

mass transfer. 

 

The Qureshi and Zubair model proposes that the operation of an evaporative 

condenser can be described by five differential equations (nomenclature for these 

equations can be found in Appendix 4): 

 

ࢃࣔ

࡭ࣔ
ൌ

૚

ࢇ࢓
 Represents the change in humidity ࡭ࢊ࢝࢓ࢊ

over the area of the coil  (12) 

࢝࢓ࣔ

࡭ࣔ
ൌ ࢚࢔࢏࢙ࢃሺࡰࢎ െࢃሻ  Represents the change in the mass 

low rate of water  (13) 
ࢇࢎࣔ

࡭ࣔ
ൌ

ࡰࢎ

ࢇ࢓
ሺ࢚࢔࢏࢙ࢎ െ  ሻ  Represents the change in theࢇࢎ

enthalpy of air   (14) 
࢘ࢎࣔ
࡭ࣔ

ൌ
࢙࢕ࢁ
࢘࢓

ሺ࢘ࢀ െ  ሻ Represents the change in࢚࢔࢏ࢀ

refrigerant enthalpy  (15)  

                           
࢝ࢀࣔ

࡭ࣔ
ൌ

૚

 ࢝࢓
࢝࢖࡯

ሺ࡭ࢊࢇࢎࢊࢇ࢓ െ ࡭ࢊ࢝࢓ࢊ࢝ࢀ࢝࢖࡯ െ࡭ࢊ࢘ࢎࢊ࢘࢓ሻ  

Represents the change in water 

temperature across the coil (16) 

 

Integration of the differential equations allows us to calculate values for a range of 

operating conditions.  The integrals proposed by Qureshi and Zubair are:  

 

ࢃ ൌ ࢔࢏ࢃ ൅ ׬ ሺ࡭ࢊࢃࢊሻ࡭ࢊ
૚࡭

૙
              (17) 

     

࢝࢓ ൌ ࢚࢛࢕࢝࢓ ൅ ׬ ሺ࡭ࢊ࢝࢓ࢊሻ࡭ࢊ
૚࡭

૙
                      (18) 
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ࢇࢎ ൌ ࢔࢏ࢇࢎ ൅ ׬ ሺ࡭ࢊࢇࢎࢊሻ࡭ࢊ
૚࡭

૙
                             (19) 

    

࢝ࢀ ൌ ࢚࢛࢕࢝ࢀ ൅ ׬ ሺ࡭ࢊ࢝ࢀࢊሻ࡭ࢊ
૚࡭

૙
                  (20) 

  

࢘ࢎ ൌ ࢚࢛࢕࢘ࢎ ൅ ׬ ሺ࡭ࢊ࢘ࢎࢊሻ࡭ࢊ
૚࡭

૙
               (21) 

 

Qureshi and Zubair also make reference to an equation for effectiveness that is 

similar to the effectiveness approach proposed by Brownell (1998), and 

represented by Equation (11), where effectiveness is defined as the ratio of the 

actual energy to the maximum possible energy transfer from the fluid in the coil. 

Brownell’s approach differs from that of Qureshi and Zubair in that Brownell 

considers the enthalpy change of the air over the condenser whereas Qureshi and 

Zubair consider the enthalpy change of the refrigerant over the condenser.  The 

Qureshi and Zubair effectiveness relationship is given by: 

 

ࢉࢋࢿ ൌ
࢚࢛࢕࢘ࢎି ࢔࢏࢘ࢎ
࢔࢏࢝ࢎି ࢔࢏࢘ࢎ

       (22) 

  

         

Where                    ࢔࢏࢘ࢎ =  Enthalpy of refrigerant at inlet air temperature and 

pressure (kJ kg-1) 

 Enthalpy of refrigerant at outlet air temperature and = ࢚࢛࢕࢘ࢎ

pressure (kJ kg-1) 

 Enthalpy of refrigerant at inlet air wet bulb temperature = ࢔࢏࢝ࢎ

and pressure (kJ kg-1) 

   

The primary outputs from Queshi and Zubair’s study were: 

 

 Mass flow ratio does not have a significant effect on system effectiveness. 
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 That the model was found to have good agreement with experimental data 

provided by other authors, e.g. the error was less than 6% when used to 

calculate the condensing temperature of the refrigerant. 

 The model is a useful tool for design and rating calculations of evaporative 

coolers and evaporative condensers. 

 

2.6 Fouling 

 

Fouling is any build-up of material (scale, corrosion byproducts, entrained dirt or 

biofilm) on the heat transfer surfaces of the process or cooling side of a heat 

exchanger that creates a resistance to heat flow.  Any reduction in heat flow 

through a process reduces the efficiency of that process.  This ultimately increases 

energy costs and/or reduces output for this process.  Fouling also increases the 

potential for corrosion and microbiological contamination of the system (e.g. 

Legionella). 

 

In general terms, heat flow between fluids separated by a solid barrier can be 

represented mathematically by: 

 

 

ࡽ ൌ  (4)        ࢓࢒ሻࢀ∆ሺ࡭ࢁ

 

The resistance to heat transfer is represented by the equation (ASHRAE, Chapter 

38: CONDENSERS , 2008): 

    

૚

ࢁ
ൌ

૚

 ࢋࢊ࢏࢙࢔࢏ࢎ
൅

૚

 ࢋࢊ࢏࢙࢚࢛࢕ࢎ
൅

࢞

 
൅              ࡾ

       (23) 
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Where   U   = Overall heat transfer coefficient (kW/m2 K) 

hinside  = Film heat transfer coefficient on the outside of the surface 

(kW/m2 K) 

houtside  = Film heat transfer coefficient on the inside of the surface  

(kW/m2 K) 

      = Thermal conductivity of the material (kW/m/ K) 

   R  = Resistance of the fouling layer (kW/m/ K) 

  ࢞  = Thickness of layer (m) 

 

Equation (23) indicates that as the resistance of the fouling layer (R) increases the 

overall heat transfer coefficient (U) decreases; consequently either the rate of heat 

transfer (Q) decreases or the temperature difference over the condenser (ሺ∆ࢀሻ࢓࢒) 

must increase to maintain a constant rate of heat transfer.  It should be noted that 

the resistance (fouling) on both sides of the solid barrier have been considered. 

However, it is assumed that the resistance on the refrigerant side is negligible and 

therefore only the fouling on the water side will be considered in this study. 

 

Gehan (2005) developed a “Wet Surface Air Cooler (WSAC) Performance 

Monitoring” tool to determine the effect of scaling (increased thermal resistance) on 

the Heat Transfer Coefficient U for condensing steam systems, e.g. surface 

condensers.   Gehan’s modelling approach may also be applicable to the water 

side of an evaporative condenser, where water is evaporating, if the appropriate 

heat transfer coefficients are used to calculate the overall design heat transfer 

coefficient Uclean. 

 

Gehan determined that the fouled heat transfer coefficient has a relationship to the 

total thickness of calcium scale (δ) as follows: 

 

ࢊࢋ࢒࢛࢕ࢌࢁ ൌ
૚

૚
ൗ࢔ࢇࢋ࢒ࢉࢁ

൅ ૙. ૝૚ૠࢾ 

         (24) 
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Where  Uclean   = design or clean U (kW/m2 K) 

  Ufouled  = fouled or non-clean U 

 ࢾ    = Total radial thickness of scale deposit on coil (m) 

 

Qureshi and Zubair have also developed a fouling model for evaporative cooler 

and condenser tubes (2004) that is a refinement of previous work by Kern & 

Seaton (1959), Mizushina, Ito, & Miyashita (1967), Webb & Villacres (1984), 

Dreyer (1988), Macleod-Smith, September (2003) and incorporates the fouling 

growth model  developed by Khan, Qureshi, & Zubair  (2004). 

 

This model shows a good correlation between normalised fill performance index 

,ࡽࣁ)  due to fouling as a function of weight gain when applied to ,(࢓࢘࢕࢔

experimental data.  The model was developed for cooling towers but the authors 

suggest that the model could also be applied to evaporative condensers due to 

their similar characteristics. 

 

 The model can be written as: 

 

,ࡽࣁ    ࢓࢘࢕࢔ ൌ
ሺࢊࢋ࢒࢛࢕ࢌࡽି ࢔ࢇࢋ࢒ࢉࡽሻ

 ࢔ࢇࢋ࢒ࢉࡽ
ൌ ૚࡯ ൬૚ െ ࢖࢞ࢋ ቀ

ࢾ

૛࡯
ቁ൰ 

            (25) 

 

Where C1 and C2 are constants depending on the fouling characteristics of the 

evaporative condenser (see Appendix 4 for nomenclature). ࢾ again, represents the 

total film thickness of scaling material, ࡯૚ represents the increase in condenser 

performance index when the fouling reaches its asymptotic value (࢘ࢉࣁ ൌ  ૚ሻ, and࡯࢔

 ૛ represents the thickness where the performance has decreased to 63.2% of the࡯

asymptotic value due to fouling.  A linear description of this model is: 
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ܖܔ ቆ
૚

૚ି
૚࡯࢓࢘࢕࢔,ࡽࣁ

 
ቇ ൌ ቀ

ࢾ

૛࡯
ቁ              (26) 

 

The model was compared to experimental data provided by Macleod-Smith 

(September, 2003) and found to have a best fit (coefficient of determination, R2 = 

0.999) when n = 0.76.  Macleod-Smith showed that a calcium carbonate scale 

thickness of 2.4mm (0.0024= ࢾm) will reduce the capacity of an evaporative 

condenser by 55%. This value is only applicable to the condenser configuration 

used by Macleod-Smith and will vary for other configurations.  

 

The primary outcomes of this work were: 

 

 Recirculating water temperature was a better determinant of evaporative 

cooler performance than inlet wet bulb temperature. 

 Decrease in effectiveness due to fouling is over 50% and 75% for 

condensers and evaporative coolers respectively when the fouling is 

increased to the asymptotic value, i.e. 2.4mm for CaCO3 scale. 

 

2.7 Sustainability of industrial processes 

 

The result of increased energy costs through reduced efficiency is to decrease the 

economic sustainability of businesses when energy is a large component of their 

variable costs of production.  This in turn motivates these businesses to focus on 

projects that will optimise this cost.  

 

Projects that enhance the mechanism of heat transfer would fit into this category. 

Consequently, any procedures that remove the possibility of fouling on heat 

transfer surfaces should be viewed positively by industry.    
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The cost of energy continues to increase as the cost of oil, infrastructural and 

variable costs increase.  Figure 11 shows that the cost of electricity to New 

Zealand industry has increased by 947.72% from 1974 to 2007 and 50.65% in the 

ten years to 2007.   

 

 

Figure 11: Industrial electricity prices for New Zealand (Real 2007 prices) 

Source: MED Energy data 2007 

Error! Reference source not found. gives a comparison of international industrial 

electricity prices for the period 1995 to 2007.  

 

The cost of electricity to NZ industry has increased by 56% in the period 1995 to 

2007.  When compared to the other countries surveyed this is the third highest rate 

of increase. The result of this large increase is to project the comparative 

international cost of electricity to NZ industry from a low level in 1995 to the highest 

comparative cost in 2006. 
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Table 5: Comparison of international industrial electricity prices for the 

period 1995 to 2007.  

          

Country 1995 2007 %Change 

Australia 99.9 110.7 10.8% 

Canada 76.7 132.0 72.1% 

Germany 99.0 132.1 33.4% 

Japan 101.5 115.2 13.5% 

New Zealand 87.4 136.6 56.3% 

UK 86.1 127.0 47.5% 

USA 88.2 141.4 60.3% 

OECD 88.1 130.1 47.7% 

Source: IEA Energy Prices and Taxes Fourth Quarter 2007 (NZD per MWh) 

 

This project will endeavour to make comparisons of the cost of energy with

reductions in efficiency of cooling towers in general and evaporative condensers,

specifically. 

 

2.8 Summary 

 

An energy balance can be performed over a refrigeration system using elementary 

thermodynamics.  Assuming negligible heat losses and gains elsewhere in the 

system, the total heat rejected at the condenser is the sum of the heat of 

evaporation that is used to cool an external system plus the work done by the 

compressor(s). 

 

This project focuses on the condensing portion due the major impact that this stage 

has on energy use of the refrigeration system together with the fact that this is the 

part of the system that can be seriously affected by water-side fouling issues. 
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The primary objective of this thesis is to provide a tool for monitoring any reduction 

in efficiency of the condenser in real time so that the internal water treatment of the 

water-side of the heat exchanger can be adjusted to correct this situation. 

 

For many large scale refrigeration systems, the main mechanism used by the 

condenser to reject heat to the environment is evaporation of water.  This system is 

often implemented as a complete unit (an evaporative condenser) or the 

condenser may be cooled with cooling water generated in a remote cooling tower 

through evaporation of water (condenser plus cooling tower system). 

 

Evaporation efficiency is influenced significantly by the external environment’s 

ability to absorb heat.  The main factor influencing heat absorption is the water 

content of the air.  As the moisture content (relative humidity) of the air increases 

so too does the air’s ability to absorb heat.  A common measure of moisture 

content is the wet bulb temperature.  Consequently, cooling towers in general are 

often referred to as ‘wet bulb devices’. 

 

The efficiency of open system evaporative cooling device such as an evaporative 

condenser can be determined in several ways. This project will utilise the 

‘effectiveness approach’ developed by Brownell (1998).  This approach is based on 

an enthalpy balance to account for the fact that evaporative condensers reject heat 

through both mass (latent) and sensible heat transfer mechanisms. 

 

The project also utilises the modeling of Qureshi and Zubair (2005) to define the 

dynamics of an evaporative condenser.  This model was used because it is the 

most recent and comprehensive work on efficiency determination of evaporative 

condensers. 

 

Electricity costs to New Zealand industry have risen by 56% in the period 1995 to 

2006.  These costs are still increasing and will continue to do so at an ever 

increasing rate as demand and cost of generation rise.  Any tool that allows 
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industry to optimise energy efficiency will help to mitigate the impact of these costs 

and also reduce the carbon footprint of New Zealand industry. 
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CHAPTER 3  METHODOLOGY 

 

3.1 Introduction 

 

The main focus of this project is to identify the best approach for monitoring cooling 

tower efficiency.  This approach will then be used to develop an algorithm to 

manage water-side fouling issues in real time. 

 

As stated in Chapter 1, the objectives of this project are to: 

 

1) Complete a comprehensive literature search to determine the 

techniques that are currently in use for estimating partial load heat 

transfer efficiencies, with particular emphasis on models that consider 

the effects of water-side fouling on condenser efficiency. 

 

2) Complete an energy balance and process dynamics study of an 

existing manufacturing facility so that the site can be used for model 

testing.  This understanding of the system will also be used to 

monitor total system performance when a single parameter has been 

modified.    

 

3) Assess identified models using condensers at known heat load 

levels. 

 

4) Quantify the economic and environmental benefits associated with all 

models tested. 

 

5) Provide recommendations for potential refinements to the models 

tested. 
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The initial priority was to identify a manufacturing facility that provided enough 

sophistication to test the models identified in the literature search and that also 

provided reliable monitoring equipment for recording what was occurring in the 

process.  It was also imperative that the plant was easily accessible and that the 

plant would give permission for their confidential data to be used for research 

purposes.  Fonterra Whareroa (Hawera) was chosen as the research site because 

it satisfied all these requirements.  This site is currently the largest milk processing 

plant in the world.  It processes 2.76 billion litres of milk per annum with a total 

peak milk rate of 13.6 million litres/day, producing 400,000 tonnes of product per 

annum (www.fonterra.com). 

 

Fonterra have also given permission for the developed model to be tested at other 

sites such as Hautapu (Waikato) and Clandeboye (Timaru). 

 

3.2 Limitations 

 

The research review determined that there are a limited number of research 

projects described in the open literature that have focused on condenser efficiency. 

Consequently, this project is adding to a very small base. 

 

The integrity of this project is reliant to a large degree on the accuracy and 

reliability of the monitoring equipment at Fonterra Whareroa.  Each monitoring 

device on site is calibrated on a regular basis and is reported as the “Whareroa 

Instrument Works Report” (Fonterra, 2009).  Table 6 is an excerpt from this report 

which shows the calibration information held about some of the chilled water flow 

rate instruments at the Whareroa site.  Similar information is held for other 

instruments, and the full report can be found in the appendices (Appendix 5). 

 

 

Table 6:  Excerpt of "Whareroa Instrument Works Report".  
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Identifying instrument tags, manufacturer, error limit, calibration test 

date, next calibration date and output. 

 

 

 

The Whareroa Instrument Works Report (Fonterra, 2009) indicates surprisingly 

long calibration periods for some instruments (for example, the flow rate 

instruments in Table 6 supposedly do not need recalibration until 2085).  When 

questioned about the long calibration periods the Fonterra Maintenance 

Coordinator claimed that as production is so dependent on the accuracy of these 

sensors, any sensor inaccuracy would be urgently noted and corrected as part of 

the analysis of production (Discussion with Jack Ballagh, June 2009). This strategy 

seems flawed, at face-value, because it seems to imply that product variance 

needs to occur before sensor inaccuracy is noted.  This would be costly, as out-of-

specification product is risked and sensor inaccuracy might also be difficult to 

diagnose when trouble-shooting the cause of product variation.  It also seems 

problematic to calibrate these instruments during production periods (rather than 

during planned maintenance periods).  However, it is assumed that these 

assurances are accurate and subsequent analysis of data gathered for this project 

(refer to Table 15) does indicate that the sensor data contained in I-history appears 

generally robust and consistent.  Although, some of the chilled water flow rates 

may be questionable (see Discussion, section 4.5). 

 

Fonterra capture all of their information from tagged sensor devices on their ‘I-

history’ database.  The reliability of the I-history database was integral to the 
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accuracy of this project.  Tagged data was recovered from this database for 

several different monitoring periods.  Table 7 provides details of the monitoring 

periods used for this project. 

 

Table 7: I-history database data recovery details.  

A list of tags used for each of these data extractions can be found in 

the appendices (Appendix 5). The hourly average is an average of 

two minute recording frequency for each tag. 

 

Period Frequency of data points 

28th Jan 2008 Hourly average 

28th Apr 2008 – 27th Apr 2009 Hourly average 

1st Dec 2008 – 31st Dec 2008 Hourly average 

29th Apr 2009 – 26th May 2009 Hourly average 

18th Nov 2009 – 4th Feb 2010 Hourly average 

4th Feb 2010 – 25th Apr 2010 Hourly average 

3rd May 2010 – 24th May 2010 Hourly average 

15th Jul 2010 – 30th Sep 2010 Hourly average 

1st Nov 2010 – 15th Dec 2010 Hourly average 

 

The I-history database returned useful data on all but one occasion. The 

temperature sensor for the BAC Evaporative Condenser #1, outlet water 

temperature failed for the 18th Nov 2009 – 4th Feb 2010 period.  

 

Each data set was analysed using the ‘Energy balance calculator spreadsheet’ to 

determine the energy balance of the refrigeration system and the efficiency of the 

evaporative condenser.  Refer to section 3.4.4 for details. 

 

The load output from the compressors was deemed critical to the success of this 

project.  In particular, the accuracy of the energy balance relied heavily on credible 

information from the condenser monitoring equipment.  Consequently a study was 
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completed on the condensers that compared gauge ampere readings with data 

logged on the database.  The study results can be found in the results section 

(4.2). However, in summary it was found that the gauge readings of the 

compressors complemented the data extracted from I-history.  

 

All of the development work for this project has taken place on the ammonia 

refrigeration circuit at Whareroa.  The hypothesis that the outcomes of this 

research are transferable to other processes has not been tested.  However, it is 

likely that this model could be used for situational analysis of the refrigeration 

systems at other sites.   

3.3 Assumptions 

 

Several assumptions were made in terms of system efficiency and use of models 

from the literature. 

3.3.1 System efficiency assumptions 

 

Heat transfer across all heat exchanger units was assumed to proceed uniformly 

through all heat transfer surfaces within these units.  In reality this is probably not 

the case but the average heat transfer across heat transfer surfaces is likely to be 

close to the assumed situation. 

 

Within the EC5 refrigeration plant, six screw-type compressors are utilised for 

compression of the ammonia vapour.  It is assumed that the compressor energy 

use efficiency (isentropic efficiency) of these compressors is as defined by the 

manufacturer’s data.  The specific isentropic efficiency of each compressor is 

calculated using the ‘Energy balance calculator spreadsheet’ (Love & Cleland, 

2007) for each specific load level using the user specified function ηi.  This function 

calculates the isentropic efficiency by calling on the pressure ratio, discharge 

temperature, load and compressor.  
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The pressure ratio is the ratio of discharge pressure to suction pressure; the 

discharge temperature is the temperature of the refrigerant leaving the compressor 

and the load is the fractional load of the compressor. 

 

࢏ࣁ ൌ ሺ૚ሻ࡭ ൅ ࡾࡼሺ૛ሻ࡭ ൅ ૛ࡾࡼሺ૜ሻ࡭ ൅ ૜ࡾࡼሺ૝ሻ࡭ ൅ ૝ࡾࡼሺ૞ሻ࡭ ൅  ࢙࢏ࢊࢀሺ૟ሻ࡭ ൅  ࢙࢏ࢊࢀሺૠሻ࡭ ൅

                  ࡾࡼ૛࢙࢏ࢊࢀሺૡሻ࡭          

(27) 

 

Where  ࢏ࣁ  = isentropic efficiency  

PR = pressure ratio (discharge pressure (kPa) / suction pressure (kPa)) 

  Aሺxሻ = manufacturer’s performance factors 
 temperature of refrigerant at discharge (C) =࢙࢏ࢊࢀ  

 

The load on the compressors is dependent on the heat load placed on the 

refrigeration system by the processing plants.  The compressors are managed to 

optimise their use, i.e. given a particular load, the compressors that are utilized are 

chosen to maximize the load on each compressor in order to increase efficiency. 

However, the compressors are often run at part load due to the staging constraints 

that are dictated by the sizing of the compressors.  When the compressors are 

running at part load it is assumed that efficiency is determined by the Power Load 

Correction Factor relationship: 

 

࢖ࣁ ൌ ሺ૚ሻ࡮࢖࢞ࢋ ൅ ࡯ࡸࡲ% ሺ૛ሻ࡮ ൅ ࡾࡼሺ૜ሻ࡮ ൅  ૛࡯ࡸࡲሺ૝ሻ࡮

            ൅ሺ૞ሻࡾࡼ૛ ൅  ࡯ࡸࡲ% ࡾࡼሺ૟ሻ࡮

        (28) 

 Where  ࢖ࣁ         
= part load efficiency 

FLC    = percent full load capacity 

  PR   = pressure ratio 

  Bሺxሻ   = manufacturer’s performance factors  
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It is also assumed that the pressure drops in the suction and discharge lines (pre 

and post compression) are negligible due to effective insulation of the pipes and 

utilisation of correct design characteristics such as pipe diameter. 

 

3.3.2 Modelling assumptions 

 

The model developed for the cooling tower utilises the work of Qureshi and Zubair 

(2006). The assumptions expressed by these researchers are adopted for this 

project: 

 The system is in steady state. 

 The apparatus and the cooling water re-circulating circuit are insulated from 

the surroundings. 

 Radiation heat transfer is ignored. 

 Negligible water loss due to drift. 

 The heat and mass transfer co-efficients are constant within the tube 

bundle. 

 Complete surface wetting of the tube bundle. 

 The distribution of air and water is uniform at the inlets and this uniformity is 

maintained. Thus, the temperatures in the unit will only depend on the 

vertical position in the unit, which implies that the model is one-dimensional. 

 The film temperature at the air-water interface (Tint ) is equal to the bulk film 

temperature (Tw ) i.e. (TintൌTw). 

 The re-circulating water temperature at the inlet (Twater,in) and the outlet are 

the same(Twout) i.e. Twater,in ൌ Twout. 

 The water film on the tubes is considered to be very thin, i.e. the air-water 

interface area is approximately equal to the outer surface area of dry tubes.   
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3.4 Energy Balance 

 

The process for determining the energy balance of the Whareroa Refrigeration 

System was divided into several phases:  system survey, data collection, energy 

calculations and rationalisation of the data to achieve an energy balance. 

 

3.4.1 System Survey 

 

The system survey scoped out and determined the mechanical components of the 

EC5 Refrigeration System at Fonterra Whareroa.  This refrigeration system was 

originally commissioned in 1994.   

 

The system is a single-stage pump recirculation ammonia (R717) plant comprising 

of a central ammonia engine room with six compressors connected to two vertical 

separation vessels.  The liquid ammonia is circulated through five processing 

plants.  

 

Figure 12 is a basic schematic diagram detailing the interaction of hot and cold 

utility through the refrigeration system. 
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Figure 12: Basic plant diagram of the EC5 refrigeration system showing the 

vapourised refrigerant (Red line) and liquid ammonia (Blue line).  

The heat carrying vapour returns from the processing plants to the suction 

separator. The compressors draw on this vapour and compress it from 2.7 barg to 

10.7 barg. Resulting hot ammonia vapour is then condensed to approximately 35C 

in the evaporative condensers or plate heat exchanger condensers. The heat of 

rejection is removed by condensing the refrigerant, cooling for the condensers is 

provided by evaporation of water either directly at the evaporative condensers, or at 

the cooling towers (for the plate heat exchangers). 
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Figure 13 is a pictorial representation of the EC5 Refrigeration System.  The 

condenser component of the system contains 3 BAC evaporative condensers with 

a design heat rejection capacity of 7,628 kW and 4 Alfa Laval plate heat 

exchangers with a design heat rejection capacity of 18,076 kW (refer to Table 9 for 

details).  Total design heat rejection capacity from the system is 25,704 kW. 
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Figure 13: EC5 refrigeration system.  

The heat load of each of the processes on the left enter the refrigeration system through the evaporators 

(HEC 200 to HEC 820).  The ammonia is compressed by the six compressors and then the heat is rejected 

by the three evaporative condensers and four plate heat exchangers. 

  

PROCESS  EVAPORATION (Qe)    kW COMPRESSION (W)     kW                CONDENSATION (Qc)                       kW

HEC 200 1796 Stal SVA 89 3180 EVAP CON 1
EC2

HEC 300 1796 Stal SVA 87 2177 EVAP CON 2 7628

Stal SVA 83 1089 EVAP CON 3

HEC 500 Mycom 200 900

Powder 5 2991 PHX 1
HEC 520 Stal SVA 89 3180

PHX 2
Stal SVA89 3180 18076

HEC 600 1245 PHX 3

CP & MT Supplementary HEC 620 1746 PHX 4

HEC 640 1746

HEC 800 3741

WPC
HEC 820 3741

18802 13706.00 25704

To Cooling Towers
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Table 8 shows the plate heat exchangers (PHE’s) contained within each of the 

processing plants that comprise the evaporator component of the refrigeration 

plant.  The heat exchangers are configured for counter-current flow. 

 

Table 8: Refrigeration plant evaporators at Whareroa.  

These plate heat exchangers are all employed to cool water using 

the evaporation of the low pressure NH3 utility. The cooled water is 

then pumped either directly (or via storage tanks) to process heat 

exchangers where it is used to cool product streams in each of the 

plants. 

Plant Number 

of PHE’s 

Saturation 

evaporation 

temperature 

(C)  

Chilled water 

temperatures 

(C)   

Total design 

cooling  

capacity 

(kW)2 

Powder 5 2 -1.0 6.0 (in) 1.5 (out) 2,992 

Energy Centre 2 2 -1.0 6.0 (in) 1.5 (out) 3,591 

Milk Treatment 

(supplementary) 

 

1 

 

-1.0 

7.0 (in) 1.5 (out)  

1,245 

Cream Products 2 -1.0 6.0 (in) 1.5 (out) 3,492 

Whey Products 2 -1.0 6.0 (in) 1.5 (out) 7,483 

Total 9   18,802 

 

 

 

 

 

 

                                             
2 All heat exchanger design heating and cooling capacity values were sourced 
from the plant commissioning documentation stored in the Energy Centre 
control room at Whareroa.  Please refer to Appendix 7 for copies of these 
documents. 
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Table 9: Details of heat of rejection capacity of the Whareroa EC5 

refrigeration system. 

EC5 Condensers Number SCT 

(C) 

Ambient 

wet bulb 

temperature 

(C) 

Total design 

heat rejection 

capacity (kW)1 

BAC VXC 400 Evaporative 

condenser (1552 kWHOR) 

1 35 21 1,552 

BAC VXC 800 Evaporative 

condenser (3038 kWHOR) 

2 35 21 6,076 

Alfa Laval Plate heat 

exchanger (4,519 kW HOR) 

4 35 n/a 18,076 

Total 7   25,704 

 

 

Table 10: Details of compressor cooling capacity and power demand for 

the EC5 refrigeration system at Fonterra Whareroa 

EC5 Compressors Number Power use at 

capacity (kW) 

Total cooling 

capacity (kW)1 

Stal SVA 89 (3,180 kW R) 3 1,995  (665) 9,540 

Stal SVA 87 (2,177 kW R) 1 455 2,177 

Stal SVA 83 (1,089 kW R) 1 235 1,089 

Mycom 200VMD (900 kW R) 1 200 900 

Total 6 2,885 13,706 

Design Suction pressure – 268 kPa and Discharge pressure – 1255 kPa for all 

compressors. 
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Comparing Tables 9 and 10 it can be seen that the plant is not designed to meet 

the cooling requirement of all the plate heat exchangers at once, at design 

conditions.  There is some buffer in the system, as the cooled water ultimately 

used for process cooling is stored in tanks, so it is possible for a large, temporary 

load to be met by depleting the stored chilled water.  However, this constraint 

seems to mean that not all of the individual factories on site can be operated at 

once for extended periods of time. 

 

Currently the total heat rejection capacity at the condensers is 13,706 kW plus the 

energy used by the compressors, i.e. 13,706 divided by the COP.  If we take an 

average COP of 4.75 then the compressor energy use becomes 2,885 kW and the 

required heat rejection capacity is 16,591 kW.  The significant spare condenser 

capacity, at design condition, means that there may be significant opportunity to 

save energy by reducing the discharge pressure of the compressors to a lower 

than design value as shown by Love, Cleland, & Merts (2008).  The significant 

spare capacity also means that it may be possible, unless the system is closely 

monitored, for large efficiency declines (due to fouling) to occur unnoticed by site 

personnel. Unnoticed declines in efficiency are undesirable because it is a waste of 

capital (as it reduces the energy savings opportunities), and it may interfere with 

future site upgrades (if surplus condenser capacity is expected). 
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3.4.2 Data collection 
 

Data used to analyse the selected models was obtained from four sources.  

 

Design data for components of the Refrigeration system was obtained from 

supplier commissioning reports contained in system manuals situated in the 

Energy Centre Control Room at Whareroa.  The system manuals also include 

information on the heat transfer equipment and compressors that have been 

retrofitted after commissioning.  As previously mentioned, design specifications 

used were: Cooling Capacity (Heat Transfer capacity) for all nine evaporators, 

capacities for all six compressors, Heat of Rejection (HOR) rates for the three 

evaporative condensers and the HOR rates for the four plate heat exchanger 

condensers.    

 

Process data was obtained from the Whareroa I-history database.  The data 

collected comprised of flow rates of water through each PHE and cooling tower, 

temperature of water into and out of the PHE’s, compressor loads and compressor 

suction and discharge pressures.  

 

Psychrometric data for the site was obtained from the NIWA “National Climate 

database”.3  This website provided hourly ambient dry bulb temperature, wet bulb 

temperature, relative humidity and dew point from the Hawera weather station. 

Figure 14 indicates the location of the weather station relative to the Whareroa 

factory site.  The closeness of the weather station (about 600 metres) means that it 

is likely an accurate indication of the conditions at the factory site.  It is assumed 

that there are no significant micro-climate effects at the site.  That is, it is assumed 

that the heat rejected by the various factory processes (including milk powder 

plants, a co-generation plant, and the refrigeration condensers) is rapidly dispersed 

into the wider environment. 

 

                                             
3 http://cliflo.niwa.co.nz/pls/niwp/wgenf.genform1 
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Figure 14: The position of the NIWA weather station relative to the Fonterra 

factory site at Whareroa.  

The station is approximately 0.6 km from Whareroa and is at an 

altitude of 88 metres above Mean Sea Level (MSL). Fonterra 

Whareroa is at an altitude of 74 metres MSL.  The map was sourced 

using Google Maps. 

  

Psychrometric data for the Evaporative Condenser that was used to test the 

models was obtained from the weather station.  The data obtained was dry bulb 

temperature, wet bulb temperature, relative humidity and dew point, all at hourly 

intervals. 

 

Data tables were downloaded from the website as Microsoft ‘Excel’ spreadsheets. 

Table 11 provides an example: 

 

Weather 
station 

Fonterra Whareroa site 
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Table 11: Excerpt of data downloaded from the NIWA “National Climate 

database” in Microsoft ‘Excel’ format. 

 

 

Figure 15 is an example of the seasonal temperature profile for Whareroa showing 

variation in dry bulb and wet bulb temperatures.  Dry bulb temperatures range from 

25.9 to -2.6C and wet bulb temperatures range from 21.4 to -3.1C. 

 

 

Figure 15:  Seasonal temperature profile showing dry bulb and wet bulb 

temperatures for July 2009 to June 2010. 

 

Station information:
Name Agent Number Network NuLatitude (deLongitude (Height (m) Posn_Prec Observing A
Hawera Aws 25222 E94622 -39.612 174.292 98 G Metservice
Note: Position precision types are: "W" = based on whole minutes, "T" = estimated to tenth minute,
G = derived from gridref , "E" = error cases derived from gridref,
H = based on GPS readings (NZGD49), "D" = by definition i.e. grid points.

ScreenObs: Hourly
Station Date(NZST) Tair(C) Twet(C) RH(%) Tdew(C)
Hawera Aws 20090429:1200 18.4 16.9 84.8 15.8
Hawera Aws 20090429:1300 20 16.2 66 13.5
Hawera Aws 20090429:1400 19 15.5 67 12.8
Hawera Aws 20090429:1500 16.2 14 77.3 12.2
Hawera Aws 20090429:1600 15 13.9 88 13
Hawera Aws 20090429:1700 14 13.5 94 13.1
Hawera Aws 20090429:1800 14.6 14 93.7 13.6
Hawera Aws 20090429:1900 15 14.1 90 13.4
Hawera Aws 20090429:2000 15 13.8 87 12.9
Hawera Aws 20090429:2100 15.4 14 85.1 12.9
Hawera Aws 20090429:2200 15 13.6 85 12.5
Hawera Aws 20090429:2300 15 13.9 88 13
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Temperature data was also measured over the condenser using a Comark 

Diligence EV N2004 datalogger made in the USA, using K type thermocouples. 

The data collected was Inlet ammonia temperature, Outlet ammonia temperature 

and dry bulb air temperature out of the Evaporative Condenser. Data was collected 

at hourly intervals and downloaded in Microsoft ‘Excel’ format.  The datalogger was 

calibrated on an annual basis by ECEfast NZ Ltd and has an accuracy of +/-0.5 C. 

Table 12 provides an example of the temperature data collected. 

 

Table 12: Example of temperature measurements provided by the Comark 

Diligence EV N2004 datalogger.  

 

 

 

Figure 16 is an example of the temperatures measured for Ammonia in and out of 

the EC1 Evaporative condenser and the dry bulb air temperature out of the 

condenser.  

 

SCT NH3 into condenser Air leaving condenser
Rec. No. Date/Time Ch 1 (°C) Ch 2 (°C) Ch 3 (°C)

498 9/08/2010 7:00:02 AM 10.8 50.2 23.4  
499 9/08/2010 8:00:02 AM 11.6 46.6 22.8  
500 9/08/2010 9:00:02 AM 9.2 44.0 22.6  
501 9/08/2010 10:00:02 AM 9.4 34.6 20.2  
502 9/08/2010 11:00:02 AM 10.8 38.2 20.6  
503 9/08/2010 12:00:02 PM 15.0 39.6 20.8  
504 9/08/2010 1:00:02 PM 13.4 47.2 23.0  
505 9/08/2010 2:00:02 PM 20.8 51.0 23.4  
506 9/08/2010 3:00:02 PM 25.2 51.4 23.4  
507 9/08/2010 4:00:02 PM 20.4 51.4 22.8  
508 9/08/2010 5:00:02 PM 17.4 49.4 22.6  
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       days 

Figure 16: Example of the temperature output in graphical form from the 3 

channel datalogger.  

Thermocouple 1 (red) is air out of the Evaporative Condenser, 

Thermocouple 2 (blue) is the ammonia temperature into the 

condenser and Thermocouple 3 (green) is the ammonia temperature 

out of the condenser. The output is for a 40 day period. 

 

3.4.3 Energy calculations 

 

Heat load into the refrigeration system (cooling of the process chilled water) at the 

evaporators (see Table 3.3) was calculated using equation (3): 

 
Q   ൌ  mw Cp T ሺkWሻ            (3) 

     

 

Where  mw   = Mass flow rate of chilled water (kg/s). 

Cp  = Specific Heat of water (4.18 kJ/kg C)  

T    = Change in temperature across the plate heat exchanger 

(PHE) (C) 

 

0 10 20 30 40
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Efficiency of the Evaporative Condenser was calculated in Engineering Equation 

Solver’ (EES), (S.A. Klein, F-Chart Software, 2009) from psychrometric data using 

Equation (13): 

 
   

ࢌࡱ ൌ
࢚࢟࢏ࢉࢇ࢖ࢇࢉ ࢘ࢋ࢙࢔ࢋࢊ࢔࢕࡯

࢚࢟࢏ࢉࢇ࢖ࢇࢉ ࢓࢛࢓࢏࢞ࢇࡹ
ൌ

,࢘࢏ࢇࢎሺࢇ࢓ ࢚࢛࢕ െ ,࢘࢏ࢇࢎ ሻ࢔࢏

,࢘࢏ࢇࢎሺࢇ࢓ ,࢚࢔ࢇ࢘ࢋࢍ࢏࢘ࢌࢋ࢘ࢀሺ ࢚࢛࢕ ࢀ࡯ࡿ
ሻ െ ,࢘࢏ࢇࢎ ࢔࢏

ሻ
 

                 (13) 

Total Compressor capacity, Compressor total power consumption, COP, wasted 

power, estimated heat recovery and Compressor energy cost were calculated 

through utilization of the Compressor Scheduling Tool developed by Love & 

Cleland (2007) 

 

Where COP was determined using equation (5): 

 

ࡼࡻ࡯ ൌ
ࢋࡽ

ࢉࡽ
       

 
 
The effect of fouling on evaporative condenser efficiency is calculated comparing 

the universal heat transfer coefficient Uclean with the fouled system Ufouled using 

equation (26): 

 

Equation for Uclean is: 

 

ቀ
૚

 ࢔ࢇࢋ࢒ࢉࢁ
૚࡭
ቁ ൌ ቀ 

૚

૛࣊ࡸ
ቁ ቆ

ቀ࢔࢒
ࢊ࢕࢘
ࢊ࢏࢘

ቁ

࢒ࢋࢋ࢑࢙࢚
ቇ ൅

૚

 ࢋࢊ࢏࢙࢔࢏ ࢎ
ࢋࢊ࢏࢙࢔࢏ ࡭

 ൅ 
૚

 ࢋࢊ࢏࢙࢚࢛࢕ ࢎ
ࢋࢊ࢏࢙࢚࢛࢕ ࡭

   

 
                 (29) 
 
 
Where A1 is mean surface area of the coil  

A outside is the outside surface area of the coil 

A inside is the inside area of the coil  

rod = outside diameter 
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rid = inside diameter 

k steel is the thermal conductivity of the coil 

 
 
 
And the equation for Ufouled  is: 
 
 

૚

ࢁ
ࢋ࢒ࢇࢉ࢙ 

૚࡭ 
ൌ  

૚
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ቁ
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቉  ൅

૚

ࢋࢊ࢏࢙࢔࢏ ࡭ ࢋࢊ࢏࢙࢔࢏ ࢎ
 ൅ 

૚

ࢋࢊ࢏࢙࢚࢛࢕ ࡭ ࢋࢊ࢏࢙࢚࢛࢕ ࢎ
  

           (30) 
 
Where  k scale  is the thermal conductivity of the fouling material. 
 
 

The convective heat transfer coefficients hinside and houtside were calculated from 

relationships defined by ASHRAE (ASHRAE, 2008) and (ASHRAE, 2009) using 

the following equations: 

 

ࢋࢊ࢏࢙࢔࢏ࢎ ൌ  
,ࢇ࢏࢔࢕࢓࢓ࢇ ࢑ ࢛ࡺ ࢋࢍ࢘ࢇࢎࢉ࢙࢏ࢊ

ࡸ
 

                  (31) 
 

ࢋࢊ࢏࢙࢚࢛࢕ࢎ ൌ ሾሺ૚૙૚૛  ൅ ૢ. ૚ૢሻ ࢚࢔࢏ࢀሺ૛ 
૙. ૟૜૜ሻሿ/ሾࢾ ૙. ૜ૢૠሺ૚૙૙૙ሻሿ 

 

                      (32) 

 
Where 
 

࢛ࡺ ൌ ,࢛ࡺ   ࢕࢒ ቈ
ሺ૚ െ ሻ૙࢚࢟࢏࢒ࢇ࢛ࢗ ࢞

. ૡ  ൅
൫ሺ૜. ૡሻ ࢞ ࢚࢟࢏࢒ࢇ࢛ࢗ૙

. ૠ૟  ൈ ሺ૚ െ ሻ૙࢚࢟࢏࢒ࢇ࢛ࢗ ࢞
. ૙૝൯

.૙࢘ࡼ ૜ૡ
቉ 

           (33) 
   

 annular flow with uniform film distribution within the coil =  ࢛ࡺ

,࢛ࡺ    Rel 0.8 Prl 0.4 0.0023 =  ࢕࢒
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  Rel = 
ீ஽

ஜ௟
  (G=mass velocity, D= diameter of coil) 

Prl = Prandtl number = 
௖௣ஜ

௞
 fluid specific heat,μ=fluid dynamic=݌ܿ) 

viscosity, ݇=fluid conductivity) 
 
 mass fraction of vapour = ࢚࢟࢏࢒ࢇ࢛ࢗ ࢞

 

,࢛ࡺ ࢕࢒ ൌ
ሺ૙. ૙૛૜ሻ ࢓࢓ࢇࢋࡾ૙

. ૡ ࢘ࡼ૙. ૝ 

 
     (34) 

 

࢓࢓ࢇࢋࡾ ൌ
ࢊ࢏࢘ ࢚࢟࢏ࢉ࢕࢒ࢋࢂࡹ

࢓࢓ࢇࣆ
  

         (35) 

  Reynolds number of ammonia =  ࢓࢓ࢇࢋࡾ

  mass velocity of ammonia =  ࢚࢟࢏ࢉ࢕࢒ࢋࢂࡹ

 inside diameter of coil =   ࢊ࢏࢘

 μ࢓࢓ࢇ  = fluid dynamic viscosity of ammonia   

 

࢘ࡼ ൌ
ࢋࢍ࢘ࢇࢎࢉ࢙࢏ࡰࡼ

ࢉࡼ
  

      (36) 
     

Pr  = reduced pressure  

 the compressor discharge pressure = ࢋࢍ࢘ࢇࢎࢉ࢙࢏ࡰࡼ

 critical thermodynamic pressure of ammonia =   ࢉࡼ   

          
           

ࢇࢋࡾ ൌ
,࢘࢏ࢇ࣋ ࢘ࢋ࢝࢕࢚ࢊ ࢘࢏ࢇࢂ ࢔࢏

,࢘࢏ࢇࣆ ࢔࢏
  

         (37) 
  Reynolds number for air =   ࢇࢋࡾ

,࢘࢏ࢇ࣋   density of air in to condenser =  ࢔࢏

 velocity of air in condenser =   ࢘࢏ࢇࢂ

 diameter of tower =  ࢘ࢋ࢝࢕࢚ࢊ

,࢘࢏ࢇࣆ  dynamic viscosity of air =  ࢔࢏
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All refrigerant property data was obtained from the database contained within EES.  

A complete nomenclature for these equations can be found in Appendix 4. 

 

Thermal conductivities of common foulants were sourced from several references 

Hesselgreaves (2002), Kirkpatrick, McIntire, & Characklis (1980), ASHRAE, 

Chapter 38: CONDENSERS  (2008).  Table 13 summarises these. 

 

Table 13: Thermal conductivity of scale species used for foulant 

calculations in model. 

 

 
 

3.4.4 Energy balance rationalisation 

 
 The energy balance was determined using the relationship defined by equation 
(1): 
 

ࢉࡽ ൌ ࢋࡽ ൅(1)                                                                ࢖࢓࢕ࢉࢃ 

        

 
The balance was calculated in an Excel spreadsheet referred to as the ‘Energy 

balance and efficiency spreadsheet’ (refer ‘Energy balance calculator.xls’ on CD 

enclosed). The theoretical heat load on the condensers (calculated in this way) 

was compared to the apparent heat rejected over the evaporative condensers 



78 

 

(based on the psychrometric conditions) and the apparent heat rejected over the 

plate heat exchanger condensers (calculated from the I-history data).  The Excel 

spreadsheet made use of a series of macros developed by Love et al (2007) and 

modified by the author to automate the calculation of energy use by the 

compressors for each of the hourly average data points.  Isentropic efficiency and 

part load efficiency are calculated using compressor manufacturer’s data.  

 

Figure 17 is a flow diagram of the steps taken to calculate the energy balance in 

Excel. 

 

 

 
 

Figure 17:  Flow diagram of the steps taken to calculate the energy balance 

in Excel 
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3.5 Modelling 

 

The software ‘Engineering Equation Solver’ (EES), (S.A. Klein, F-Chart Software, 

2009) was used to develop and test the Efficiency and Fouling model.  The model 

can be accessed via the attached CD using the filename: 

Efficiency_and_Fouling_Model_Smilgate.EES”. 

 

Figure 18 provides a screen shot of the interactive diagram window of the model. 

 

 

 
 

Figure 18: The interactive diagram window developed in EES for the 

Efficiency and fouling model.  
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Showing user inputs in blue and calculation outputs in grey. 

 

 

The EES software was used to run sensitivity analysis on model variables and for 

‘what if?’ queries.  HOR capacity results from the EES “HOR calculator” were used 

as the Qfouled (HOR for a fouled or below design load condenser bundle) value for 

efficiency calculations in the EES model. 

 

Table 14 summarises outputs from the model: 

 

 

Table 14: Summary of the outputs obtained from the EES Evaporative 

Condenser and Fouling Model. 

Variable Description 

ha  Enthalpy of air exiting Evaporative Condenser (kJ/kg) 

W  Humidity ratio of moist air (kg water/ kg of air) 

mw  Mass flow rate of recirculating water (kg/s) 

Tw  Temperature of water leaving tube bundle (C) 

hr  Enthalpy of refrigerant leaving Evaporative Condenser (kJ/kg) 

  Condenser performance index 

Qfouled  Heat of rejection for fouled condenser tube bundle (kW) 

Uscale  Heat transfer coefficient of fouled condenser (kW/ m2/ C) 

Uos  Heat transfer coefficient at outside of tube bundle (kW/ m2/ C) 

εec  Efficiency of Evaporative Condenser (%) 

T,lm  Log mean temperature difference over tube bundle (C) 

Tint  Temperature at the water air interface (mm) 

δ  Predicted thickness of foulant layer (C) 
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3.6 Film thickness predictions 

A major component of the project was to develop a model that would reliably 

predict the film thickness of the foulant on the outside of the evaporative condenser 

coils.  As a precursor to predicting the film thickness it is necessary to determine 

the type of foulant material that is likely to create this film. This can be done by 

utilising one of two options. 

 

The first option is to utilise a computer model that predicts the fouling material by 

analyzing the chemical environment of the system being assessed.  The Nalco 

3DT ‘Optimiser’ programme (refer to Appendix 8) could possibly be used for this 

purpose. 

 

The second option is to analyse the actual scale if access can be arranged to the 

heat exchange surface.  This is the most accurate option, although access to the 

condenser surfaces may be limited.  Measurements of the condenser surfaces 

were made in this study. 

  

Figure 19 provides a flow diagram of the process that was used to obtain these film 

thickness predictions. 
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Figure 19: Flow diagram of the film thickness prediction procedure 

 

Step 1 of the procedure employs the EES model to calculate the maximum HOR 

values for film thicknesses of 0 to 4mm (total scale thickness of 8mm), using the 

average dry bulb air temperature into the condenser, the average air wet bulb 

temperature into the condenser and the average dry bulb temperature out of the 

condenser for a particular data set. For the purposes of demonstration this 

example uses the February to April, 2010 scenario. 
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Figure 20 is a diagram of the first step in the procedure showing the EES 

parametric table and the corresponding inputs (in black) with the calculated outputs 

in blue.  

 

 

 

Figure 20: EES parametric table showing psychrometric data inputs (black) 

and the calculated outputs in blue.  

For the February to April 2010 dataset. The red box highlights the 

film thickness and maximum HOR values (Qfouled).   

 

Step 2 utilises this data to create a curve fit with corresponding 2nd order 

polynomial in EES.  Figure 21 provides an example of the curve fit procedure for 

the April, 2010 data set.  
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Figure 21: Curve fit and corresponding 2nd order polynomial for April, 2010 

data set. 

The next step (Step 3) is to calculate hourly average HOR values for the EC1 

Evaporative Condenser  from the I-history data for the February to April, 2010 

period using the “Condenser capacity” portion of equation (11): 

 

ࡾࡻࡴ ൌ ,࢘࢏ࢇࢎሺ ࢇ࢓ ࢚࢛࢕ െ ,࢘࢏ࢇࢎ   ሻ      (38) ࢔࢏

 

Where  ࢇ࢓    is the mass of air lowing through the condenser 

,࢘࢏ࢇࢎ  is the enthalpy of ambient air drawn into the evaporative ࢔࢏

condenser. 

,࢘࢏ࢇࢎ  .is the enthalpy of air at the exit of the evaporative condenser   ࢚࢛࢕

 

Figure 22 provides an excerpt from EES showing the calculation results (HOR) for 

the first 10 data-points out of a total of 1873 in the April, 2010 data set.  
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Figure 22: Excerpt from HOR EES calculator showing the first 10 results 

from the April, 2010 database. 

 

For the Fonterra Whareroa scenario the resulting HOR values are the Capacity 

values for the Evaporative Condenser.  This is due to the fact that the evaporative 

condensers at this plant are used for ‘base load’ heat rejection and are therefore 

assumed to be running at maximum capacity at all times when the air circulation 

fans are running. For other scenarios where this is not the case, it would be 

necessary to calculate the condenser capacity by iteration. 

 

The final step (Step 4) calculates the predicted film thickness using the HOR values 

and the 2nd order polynomial equation relationship of HOR to film thickness. This 

operation was carried out using EES as shown in Figure 23 below: 
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Figure 23: Excerpt from EES film thickness calculation using the ‘Curve fit’ 

2nd order polynomial equation for the relationship of Film 

thickness (Filmscale = ࢾ ) to HOR for the February to April, 2010 

data set. 

 

3.7 Economic and environmental evaluation of the model 

 

Energy cost evaluations were calculated for fouled tube bundle scenarios and 

compared with the design energy cost.  

 

The major costs associated with operating an evaporative condenser are due to 

the electricity costs of running the compressor(s), the forced air fan and the water 

circulation pump. 

 

The electricity costs for running the compressor(s) were calculated using the cost 

result determined using the “Compressor Scheduling Tool”, pro-rated for the load 

on the individual condenser (EC1): 
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࢔࢕ࢉࡱ ൌ ൭∑࢖࢓࢕࡯  ൬
૚, ૞૞૛

૛૞, ૠ૙૜
൰൱ ൅ ሺ࢔ࢇࢌ ࢘࢏ࢇࡱ ൅  ሻ࢖࢓࢛࢖ ࢘ࢋ࢚ࢇ࢝ ࡱ

   

           (39) 

Where  ࢔࢕ࢉࡱ ൌ Electricity cost of condenser 

૚,૞૞૛

૛૞,ૠ૙૜
 represents  the  ratio  of  the  HOR  capacity  for  the  evaporative 

condenser to the total HOR Capacity for the system 

࢖࢓࢕࡯∑ ൌ Total cost of running compressors  

    ൅cost saving for heat recovery from compressors                                                                  

  ࢔ࢇࢌ ࢘࢏ࢇࡱ ൌ Electicity cost of running air fan ൌ 22.0 kW  ൈ $0.1 

࢖࢓࢛࢖ ࢘ࢋ࢚ࢇ࢝ࡱ   ൌ Electicity cost of running water recirc pump ൌ 4.0 kW  ൈ $0.1

  

 

Where the total cost of running the compressors is calculated by the “Compressor 

Scheduling Tool” using: 

 

ሺWcalc  x Ecostሻ – ሺQrec x Ecostሻ      (40) 

 

Where  Wcalc is a user defined function that calculates compressor work from 

suction pressure, discharge pressure, suction superheat, compressor 

load and pre-programmed manufacturer compressor data for the 

refrigerant (717). 

  Ecost  is the cost per kW 

  Qrec is the heat recovered from the compressor 

 

࢖࢓࢕ࢉࢃ ൌ  ࢘࢓ ቀ
࢖࢓࢕ࢉࢎ

િܑ
ቁ       (41) 

 

Where  ࢘࢓ ൌ mass ϐlow rate of refrigerant ሺkg s⁄ ሻ 

  ࢖࢓࢕ࢉࢎ ൌ Enthalpy over the compressor ሺkJ kgሻ⁄   

  િܑ ൌ isentropic efϐiciency of the compressor ሺequation 27ሻ  
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Carbon dioxide equivalent values (CO2e) were then calculated from this cost 

information to demonstrate the increase in environmental impact of fouled heat 

transfer surfaces (tube bundle of evaporative condenser). 

  

  

3.8 Summary 

 

The site chosen to use as a test site for the model development was Fonterra 

Whareroa.  This site was chosen due to its accessibility and because of the quality 

of its data management system. 

 

The project utilised the Whareroa I-history database to develop an energy balance 

for the reticulated ammonia refrigeration system (EC5). One of the three 

evaporative condensers in the refrigeration system was chosen as the focus for the 

project. Air temperatures out of the condenser were logged and utilised with 

psychrometric and I-history data to determine the efficiency of the condenser. 

 

A model was developed that combined the dynamics model of Qureshi and Zubair 

with the thermal resistance relationships as defined by ASHRAE. This model was 

then used to predict the thickness of a foulant on the study condenser given the 

calculated efficiency of this unit. 
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CHAPTER 4  RESULTS 

 

4.1 Introduction 

 

The energy balance of the Refrigeration system at Whareroa was determined 

using an Excel spreadsheet to calculate the heat load entering the system from the 

processing plants at the evaporators:  Powder 5, Energy Center 2, Milk Treatment 

(Supplementary), Cream Products and Whey Products. 

 

The rejected heat load at the condensers was then calculated using a combination 

of ‘tag’ data from the Whareroa I-history database, Psychrometric data measured 

at the Evaporative Condensers, and data from the NIWA weather station using 

EES. 

 

The amount of fouling was then predicted on the basis of how much the apparent 

heat of rejection varied from the clean value. 

 

4.2 Condenser output validation study 

 

It was thought pertinent to test the integrity of the I-history data for the condenser  

“% load” output for two reasons:  one, it is significant in terms of the energy 

balance result and two, it is measurable and therefore potentially provides an 

indication of the accuracy of other I-history outputs. 

 

The ampere and % load readings in the refrigeration room were monitored for all 

five operating condensers on an hourly basis for 8 hours.  These results were then 

compared with the % load values from the I-history database (Table 15). 
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Table 15: Results for ampere (Amps) reading and % load taken at EC5 

refrigeration room for the five working compressors and 

compared with % load from I-history database on the 3rd of 

August, 2009.  

 

Time  Condenser 1 

Tag 4520 

 Condenser 2

Tag 4440 

    Condenser 3 

Tag 4280 

  Condenser 4 

Tag 4360 

  Condenser 5 

Tag 4700 

 
Amps %Load I-history 

value 

Amps %Load I-history 

value 

Amps %Load I-history 

value 

Amps %Load I-history 

value 

Amps %Loa

d 

I-history 

value 

9am 626 100 100 343 99 99 269 91 91 133 99 99 133 98 98 

10am 625 100 100 339 99 99 268 91 91 131 99 99 133 98 98 

11am 625 100 100 341 99 99 267 91 91 132 99 99 133 98 98 

12pm 620 100 100 311 85 85 253 87 87 131 99 99 130 98 98 

1pm 610 100 100 276 62 62 220 68 68 129 99 99 128 98 98 

2pm 600 100 100 178 23 23 153 34 34 127 99 99 127 98 98 

3pm 594 100 100 156 7 7 141 24 24 126 99 99 127 98 98 

4pm 613 100 100 174 16 16 163 33 33 130 99 99 131 98 98 

 

Ampere and % load readings were obtained from the compressor ampere gauge 

and load gauge in the EC5 Compressor room.  These observations were 

compared with the load results obtained through the I-history database for the 

corresponding time. As can be seen from Table 18 the observed values  (the 

columns in red), are identical to two significant figures with those from the I-history 

database (the columns in blue).  Therefore it is safe to assume that the I-history 

database is recording the compressor loading data accurately. 
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4.3 Determination of Heat Load (Qe) into Refrigeration system 

 

Data sets used to calculate the heat load on the refrigeration system encompassed 

two and a half seasons.  Table 16 summarises the range of heat loads into the 

Whareroa refrigeration system for each of the five production plants. 

 

Table 16: Typical values for high (peak) season (December, 2008) and low 

season (May, 2009) milk processing for each processing plant at 

Fonterra Whareroa. 

 

Processing plant Average Peak season heat 

load (kW) 

Average Low season heat 

load (kW) 

Powder 5 310  250 

Energy Centre 2 2923 394 

Milk Treatment 572 211 

Cream Products 1015 242 

Whey Products 3256 981 

TOTAL 8076 2078 

4.4  Determination of Rejected Heat Load (Qc) out of the Refrigeration 

system. 

 

Heat Of Rejection (HOR) values for the reticulated ammonia system were 

calculated from I-history data for the four plate heat exchanger condensers and 

psychrometric data for the evaporative condenser (EC1). The evaporative 

condenser HOR was then pro-rated for the two other evaporative condensers to 

provide a total HOR from all condensers as per equation 42: 

 

࢒ࢇ࢚࢕࢚ࡾࡻࡴ ൌ ૚࡯ࡱࡾࡻࡴ ൬
,࢔ࢍ࢏࢙ࢋࢊࡾࡻࡴ ࢒ࢇ࢚࢕࢚
,࢔ࢍ࢏࢙ࢋࢊࡾࡻࡴ ૚࡯ࡱ

൰ 

           (42) 
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Where  HORtotal  = Heat of Rejection for all Evaporative Condensers 

HOREC1   = Heat of Rejection for Evaporative Condenser No. 1 

HORdesign,total   = Total design Heat of Rejection 

HORdesign, EC1 = Design Heat of Rejection for Evaporative Condenser No.1 

 

Table 17 summarises the comparative HOR’s for the heat loads stated in Table 16: 

 

Table 17: Typical heat load and Heat of Rejection (HOR) values for the 

reticulated ammonia refrigeration system at Fonterra Whareroa.  

 

*Processing period Heat load (kW) HOR (kW) COP 

Average peak season 8,076 10,706 4.07 

Average low season 2,078 2,957 3.80 

  * Based on December 2008 for peak season and May 2009 for low season 

 

The average peak season heat load and HOR are approximately four times the 

average low peak levels.  The average COP (equation (5)) for the two periods are 

4.07 and 3.80 respectively.  The low season drop in COP maybe explained by the 

increased use of part loaded compressors to meet the cooling duty.  Part loaded 

compressors are inherently less efficient than fully loaded machines (Dossat & 

Horan, 2001).  For screw-type compressors the degree to which efficiency drops 

off as load on the compressor decreases is dependent on the ratio of discharge 

pressure to suction pressure.  This ratio is called the ‘pressure ratio’ (PR).  At high 

pressure ratios the drop off in efficiency as load reduces is more significant than 

compressors with low pressure ratios. 

 

Average hourly data for heat load into the refrigeration system, Qevaporator (Qe) and 

Heat of Rejection, Qcondenser (Qc) has been plotted in Figure 24 (low season:  May 

2009) and Figure 25 (high season:  December, 2008). 
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Figure 24: Graph of Heat Load and Rejected Heat for the low season period 

of May, 2009. 

 

 

Figure 25: Graph of Heat Load and Rejected Heat for the high season 

period of December, 2008.  

 

Figures 24 and 25 indicate that the calculations for heat load (Qe) and heat of 

rejection (Qc) are consistent for both periods as the heat load into the system 

follows the same trend as the heat of rejection from the system.  This provides a 
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degree of confidence that the data from the data sources (I-history, NIWA and the 

data-logger) is consistent and therefore potentially provides a reasonable 

representation of the energy balance through the refrigeration system.  

 

4.5 Energy Balance 

 

An energy balance was completed for each data set acquired throughout the 

project. The heat load into the system (total heat load at evaporators) and energy 

used by the compressors were calculated (equation 3 and the Comp_Work user 

defined function in Excel).  The resulting value of Qe  ൅  Wcomp, which is the 

theoretical load on the condensers (equation 1) was then compared to the heat of 

rejection value calculated using psychrometric data (equation 11).  Obviously these 

two values should be the same as they both represent the heat of rejection from 

the system (Qc).  A match indicates that at least the two values calculated via 

different methods are consistent. 

 

The resulting balance quantifies the magnitude of the heat associated with the 

production facility but also gives a valuable insight into the ‘fit’ of the data, i.e. the 

closer the agreement between the heat load and HOR (minus the energy used by 

the compressors) the more accurate the energy balance. 

 

The energy balance was calculated in Excel.  Figure 26 provides an example of 

the “energy summary” worksheet used for these calculations. 
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Figure 26: An example of the Energy Summary calculation worksheet from 

the “July to September heat balance data set” spreadsheet.  

The “% Difference between Qe ൅ Wcomp and Qc” value provides an 

indication of the agreement between heat into and out of the 

refrigeration system. 

 

 

 

 

 

 

 

ENERGY SUMMARY

Period to be analysed July to Sept, 2010

Total for period Average (per hour)

Total heat load at evaporators (kW) 7,997,197.71 1,115.52

Total energy used by Compressors (kWh) 1,475,941.42 691.70

1

Work done by compressor Ec (kWc) 1,475,941.42 691.70

COP for refrigeration system 4.94

Unit cost of electricity= 0.1 $/ kWh

Total cost of electricity for compressors ($) 120,264.55 57.18

Theoretical load on condensers (Qe + W) 9,473,139.13 1,807.22

Apparent Heat Rejection

Heat rejected at Condenser:   PHX's (kW) 5,363,347.37 662.26

                                                Evaporative condensers (kW) 4,954,486.99 3,173.92

Total Heat rejected at condensers (Qc) 10,317,834.36 3,836.18

%Difference Qe +W to Qc -8.92
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Table 18: A summary of the energy balance results for each of the 

experimental data sets. 

 

 

Period 

Qe + W 

(kW) 

Qc 

(kW) 

% 

variance 

1st Dec 2008 – 31st Dec 2008 7,330,548 9,547,628 30.2 

29th Apr 2009 – 26th May 2009 1,200,473 845,880 29.6 

18th Nov 2009 – 4th Feb 2010 15,024,508 18,095,690 17.0 

4th Feb 2010 – 25th Apr 2010 10,604,395 13,338,862 20.5 

3rd May 2010 – 24th May 2010 1,645,497 1,867,303 13.5 

15th Jul 2010 – 30th Sep 2010 9,473,139 10,317,834 8.9 

1st Nov 2010 – 15th Dec 2010 11,222,297 13,140,865 14.6 

 

Table 18 summarises the energy balance results for each of the data sets.  For the 

data sets analysed, the level of agreement ranged from 8.9 to 30.2%.  The 

difference in energy balance agreement between data sets may be explained by 

the variability introduced by the fan speed control strategy utilised at Fonterra 

Whareroa and the errors introduced by each sensor.  There were also several data 

sets where the fan ‘energiser’ tag, which indicated when the air fan was off or on, 

provided corrupted data to I-history.  In these situations it was assumed that the 

fan was on.  This will result in an over-estimation of the apparent heat of rejection 

at the evaporative condensers. 

 

The Whareroa EC5 evaporative condensers use a ‘fixed head pressure’ control 

strategy. The controller attempts to maintain a single point head pressure 

regardless of the system load by controlling the fan speed of the condenser (refer 

Figure 27).  Fan speed is controlled using an ‘on/off ‘strategy to maintain a 

discharge pressure of 12 bar.g.  If the discharge pressure reduces, the control 

system will turn off the Evaporative Condenser fan to reduce the heat transfer 

efficiency of the condenser.  The discharge pressure will then increase in an 
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attempt to reject more heat. The fan will then be turned back on when the 

discharge pressure reaches the pre-set control range. 

 

 

 

Figure 27:  Graph showing the relationship of head pressure (compressor 

discharge pressure) to compressor load for the February to 

April, 2010 data set. 

 

If the Evaporative Condenser efficiency is compromised in some way, e.g. fouling 

reducing heat transfer efficiency, the discharge pressure will continue to rise with 

the fan on at full speed when the heat load capacity of the evaporative condenser 

is exceeded.    

 

We can use equation 4 (ࡽ ൌ  to explain this behaviour.  If we make Q (࢓࢒ሻࢀ∆ሺ࡭ࢁ

equal to the HOR   then the action of turning off the air fans reduces the heat 

transfer coefficient U.  This forces ∆ࢀ    to rise by increasing the discharge pressure 

corresponding to the saturation temperature in order to maintain the same value of 

Q.  In this case if U is too small, the fans cycle on, causing the pressure to fall back 

to10.7 bar.g.  If U is too big, the fans cycle off causing the pressure to rise to 10.7 
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bar.g.  If U is too small even when the fans are on full, then the pressure will rise 

above 10.7 bar.g until ∆ࢀ has been increased sufficiently to maintain Q.     Fouling 

will also reduce U.  As the level of fouling increases, U will decrease proportionally, 

until we reach the scenario where U is too small even when the fans are on full, 

forcing the pressure to rise above the head pressure set point.  This will result in 

higher compressor use and increased energy costs. 

  

The graph of head pressure to compressor load (Figure 27) indicates that head 

pressure is constant for the majority of the time regardless of heat load.  The 

increases in late February may be due to a high wet bulb temperature, associated 

with summer conditions.   Conversely, the step change reduction in head pressure 

in late March is due to the operators changing the set point for the condenser head 

pressure.  This was probably due to an observed reduction in wet bulb 

temperature, associated with less humid, environmental conditions.  These 

observations appear to be confirmed in Figure 28, which shows high wet bulb 

temperatures corresponding to the increase in head pressure in late February and 

a general trending decrease in wet bulb temperature from late March. 

 

 

Figure 28: Graph showing the relationship of head pressure (compressor 

discharge pressure) to wet bulb temperature for the February to 

April 2010 data set. 
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The “Compressor scheduling tool” calculates the heat load into the system as 

defined by the load on the compressors and the isentropic efficiency 

characteristics of the compressors as defined by the manufacturer.  This heat load 

can be compared with the heat load on the evaporators as calculated through the 

‘energy balance’ exercise to obtain a sense of the variation between the two 

values. 

 

Figure 29 and Figure 30 are graphs representing the comparison between the two 

values for peak season (November to January 2009/10) and low season (May 

2010). 

 

 

Figure 29: Comparison of compressor capacity calculated by “Compressor 

scheduling tool”, and Heat Load on Fonterra Whareroa 

reticulated ammonia refrigeration system.  

Calculated as a component of the ‘Energy Balance’ exercise for peak 

season scenario (November to January, 2009/10). 
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Figure 30: Comparison of compressor capacity calculated by “Compressor 

scheduling tool”, and Heat Load on Fonterra Whareroa 

reticulated ammonia refrigeration system.  

Calculated as a component of the ‘Energy Balance’ exercise for low 

season scenario (May, 2010). 

The compressor capacity and the calculated heat load into the refrigeration system 

appear to be comparable for the high and low season scenarios.  The higher level 

of variance for the evaporator load values in the low season scenario is possibly 

explained by an increased significance of the error associated with chilled water 

flow measurements used to calculate these load values (equation 3). 
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4.6  Modelling 

4.6.1 Sensitivity analysis 

Each model scenario is defined by a small set of independent variables. In 

particular the design HOR rate determines the area, psychrometric and flow 

characteristics of each scenario.  

 

Sensitivity analysis was carried out on the Whareroa scenario using design HOR 

capacity (1552 kW) and the manufacturer’s other design parameters:  wet bulb air 

temperature (21C), saturated condensing temperature (35 C), mass air flow (32.6 

m3/s), outside area of coil (292.44 m2) and mass water flow (29 l/s) (refer to 

Appendix 7 for a copy of the design specifications).   

 

The model contains 68 equations and there are a small number of independent 

variables that are listed in Table 19.  Each independent variable was tested to 

determine how sensitive the model was to changes in this variable.  The sensitivity 

was quantified in terms of change in the heat rejection capacity of the model 

scenario. 
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Table 19: List of independent variables and their effect on the efficiency of 

the design scenario for the Fonterra Whareroa EC1 evaporative 

condenser.  

Sensitivity is determined by the magnitude of change in heat rejection 

capacity from design. 
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The amount of condensation of ammonia (Xquality) has the largest effect on the 

performance of the modeled system. For the purposes of this study it was 

assumed that all the ammonia leaving the condenser was liquid. In addition, the 

discharge pressure (PDischarge) and, as a consequence the temperature of ammonia 

into the condenser (TAmmonia in) also have a significant effect on the performance of 

the modelled system.  Temperature of ammonia out of the condenser (TAmmonia out), 

the thickness of the foulant (ࢾ), and the area of the tower that air is flowing through 

(Dtower), also have a very significant effect on the performance of the modelled 

system.  The temperature of the recirculating water into the condenser (T water in) 

and the mass flow rate of refrigerant (mr) affect the performance, but to a lesser 

extent.  In general terms the sensitivity analysis is indicating that it is extremely 

important to use accurate values for the independent variables listed in Table 22 

when using the model to achieve a reliable output. 

 

Another important factor affecting the accuracy of the results from the model is the 

estimation of thermal conductivity (k-value) for a composite fouling material.  The 

model was used to quantify the variation in efficiency for a range of k-values using 

a film thickness of 2mm. 

 

The results have been graphed in Figure 31 below.  From the graph it can be seen 

that if we estimate a k-value of 1.0 W m-2 K-1 +/- 0.5 W m-2 K-1 the variation in 

efficiency will be 30.7 to 57.0 %.  This significant variation indicates how important 

it is to determine the correct thermal conductivity before making predictions with 

the model. 
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Figure 31: Model results for change in efficiency for k-value range of 0.1 to 

3.0 W m-2 K-1.  Film thickness is 2.0mm. 

 

4.6.2 Model validation 

 

The primary challenge for this project was to develop a model that replicated the 

behaviour of the Whareroa refrigeration system and would also be applicable to 

other systems. 

 

The model developed in EES was initially tested by attempting to replicate the 

normalised performance index (η) vs fouling thickness (δ) relationship determined 

by Qureshi & Zubair (2005).  This validation test used their system characteristics: 

Tdb,in = 25C, Twb,in = 18C, Tr= 50C, A = 9.7m2, mr = 0.11 kg/s, mw = 2.67 kg/s, Q = 

114.10 kW, ma = 1.88 kg/s, 3 = ࢾmm. 

 

The resulting graph is shown as Figure 32: 
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Figure 32: Comparison of normalised performance index (η) vs fouling 

thickness (δ) for Qureshi and Zubair (2005) values and the 

project model values. 

 

The results from the model were then compared with the values proposed by 

Macleod-Smith  (2002) for Calcium Carbonate that were subsequently confirmed by 

Qureshi & Zubair (2005).  This relationship of change in heat transfer efficiency 

(effectiveness) to thickness of CaCO3 scale is shown in Figure 33, which provides a 

comparison of the Macleod-Smith values for Calcium Carbonate with the values 

obtained for the project model. 
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Figure 33: Comparison of fouling thickness (δ) in millimeters to change in 

percent design capacity (effectiveness) for calcium carbonate 

scale for the values proposed by Macleod-Smith (2002) and the 

values obtained with the project model.  

 

The results of both comparisons indicate that the model developed for this project 

compared very well with the model developed by Queshi and Zubair.   In addition, 

the model results were compared to the Carrier design data for heat transfer 

efficiency provided by Carrier (1965).  The Carrier Handbook provides loss in 

efficiency predictions for Calcium Carbonate and Biofilm. Figure 34 provides 

graphs comparing the model results with those obtained from the Carrier 

Handbook. 
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Figure 34: Comparison for change in percent heat transfer efficiency 

(effectiveness) with increased film thickness for Calcium 

Carbonate and Biofilm for Model predictions and Carrier 

Handbook predictions. 

 

The model predictions are very close to those determined by Carrier.  

 

Having verified the integrity of the model, the model was then used to determine 

the heat transfer efficiency to scale thickness relationship for other fouling 

substances using design parameters for the Whareroa EC1 Evaporative 

Condenser. 

 

Table 20 summarises these results and Figure 35 provides graphs comparing the 

results for each substance.  It should be noted at this stage that the Delta value 

used by Qureshi et al is the total foulant thickness across the diameter of the coil. 

The parameter that is of real interest is the film thickness of the fouling substance. 

This is half the delta value and will be referred to as ‘Film thickness’. 
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Table 20: A comparison of the efficiency (effectiveness) vs film thickness relationship for a number of fouling 

substances using design characteristics for the Fonterra Whareroa evaporative condenser.  

Efficiency is the measure of effective HOR capacity as compared to design HOR capacity. 

 

          % efficiency         

Film 
thickness 
(mm) 

Calcium 
Carbonate 

Magnetite  Calcium 
Phosphate

Calcium 
Sulphate

Magnesium 
Phosphate 

Calcium 
Carbonate 
+ Biofilm 

Analcite  Biofilm  Dicalcium 
Silicate 

0  100  100  100  100  100  100  100  100  100 

0.5  90.73  90.73  89.77  88.59  88.13  84.62  81.44  68.01  16.13 

1  83.26  83.26  81.69  79.78  79.05  73.66  69.04  51.94  8.908 

1.5  77.12  77.12  75.13  72.77  71.88  65.45  60.17  42.27  6.213 

2  71.97  71.97  69.71  67.06  66.08  59.07  53.51  35.81  4.804 

2.5  67.59  67.59  65.15  62.32  61.27  53.96  48.32  31.18  3.938 

3  63.82  63.82  61.26  58.31  57.23  49.78  44.16  27.7  3.351 

3.5  60.54  60.54  57.9  54.88  53.78  46.3  40.74  24.99  2.927 

4  57.65  57.65  54.96  51.92  50.8  43.35  37.9  22.82  2.606 

4.5  55.09  55.09  52.38  49.32  48.21  40.81  35.48  21.04  2.355 

5  52.81  52.81  50.09  47.03  45.92  38.62  33.41  19.56  2.153 
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. 

 

Figure 35:  Graphs showing comparison of loss of heat transfer efficiency (effectiveness) with increasing 

film thickness for a range of fouling substances.                     
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The determination of this efficiency to film thickness relationship for common 

fouling materials allows us to make predictions about real systems if we can 

measure the efficiency of a particular system. 

 

 4.6.3 Film thickness predictions from Heat of Rejection values 

 

Heat of rejection values were calculated for the Fonterra Whareroa refrigeration 

system as part of the Energy Balance determination exercise using equation (11). 

The resulting HOR values were then utilized as inputs to the EES model to predict 

the scale film thickness for this HOR level. 

 

A preliminary analysis to identify the composition of the fouling material is required 

before the EES model can be used to predict the film thickness on the outside of 

the coil.  This was completed on a sample of ‘scale’ removed from the coil on the 

15th of March, 2010.  The analysis by X-ray fluorescence indicates that the fouling 

material is predominantly silicon (35% by weight), Calcium Oxide (14% by weight) 

and iron (13% by weight).  X-ray Diffraction also indicates the presence of Calcium 

Carbonate and Dicalcium Silicate.  A copy of the analysis can be found in Appendix 

8. 

 

Because the foulant is a composite material it is difficult to accurately determine the 

conductive heat transfer coefficient of this material (k-value). The actual k-value will 

be in the range 2.9 to 0.057 W/m K.  A k-value of 1.0 W/m K was selected by 

calculating the mass weight average of the individual components (0.90) plus a 

10% adjustment to allow for the volatile components within the composite material. 

 

The selected k-value was used in the EES model to calculate HOR values for a 

range of film thicknesses.  The EES model was adjusted to represent the averaged 

February to April, 2010 I-history data for the EC1 Evaporative Condenser at 

Whareroa.  This analysis is shown in Figure 36 . 
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Figure 36:  Heat of Rejection values for a k-value of 1.0 W/m K for film 

thicknesses of 0 to 5.0mm.  

The scenario uses April, 2010 data from the Whareroa I-history 

database and NIWA environmental data. 

 

The HOR values calculated from Psychrometric, NIWA and I-history data were 

averaged to provide a monthly HOR value.  The average HOR for the month of 

April, 2010 is 793 kW. From the graph the film thickness that coincides with this 

HOR value is 1.73mm which yields a total increase in coil outside diameter of 

3.46mm, i.e. an outside diameter of 30.46 mm. 

 

The Whareroa Evaporative Condenser was opened for inspection on the 2nd of 

June.  Figure 37 is a photograph taken during this inspection of the underside of 

the coils showing that scale is evident. 
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Figure 37:  A photograph showing the underside of the Fonterra Whareroa 

EC1 coils. 

 

The outside diameter of the coils was measured using a micrometer.  Thirty 

measurements were taken to provide a good representation of the film thickness 

on the coils (Appendix 9).  The average value was 30.24mm, i.e. a film thickness 

of 1.62mm.  

 

The predicted value of 1.73mm compares favorably with the measured value of 

1.62mm with a variance of 6.4%. The 95% confidence interval error for the 

measured values is +/- 0.61mm.  The predicted value differs from the measured 

value by 0.11mm and therefore lies within the 95% confidence interval for the 

measurement. 

 

There are two questions that require answering before we can be confident that 

the model is a useful tool for predicting foulant build-up on heat transfer surfaces. 

The first is:  how accurate was the k-value ‘guess’ used in this example and the 

second is how will the model perform on other systems? 
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Both of these questions should be answered by applying the model to a number of 

other systems however, this exercise is beyond the time constraints of this project. 

  

The Film Thickness prediction procedure described in section 3.6 was employed to 

produce the results that are seen in graph form in Figure 38 below: 

 

 
 

Figure 38: Film thickness predictions for the period February to April, 2010 

based on HOR values calculated from Psychrometric, NIWA and 

I-history data.  

The film thickness predictions are compared with the corresponding 

heat load calculated in the Energy Balance exercise. 

 

The graph in Figure 38 appears to show that the heat load follows changes in 

thickness of the foulant layer.  However, an XY scatter graph of the two variables 

indicates that there is essentially no relationship between the variables.  R2= 

0.0979 (Refer to Figure 39 below).  This is a realistic outcome as film thickness 

should be independent of heat load.  
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Figure 39: XY scatter plot comparing the two variables Film thickness of 

foulant and the corresponding heat load at the evaporators. 

 

Data was combined from each of the datasets for the November 2009 to 

December 2010 period to provide a seasonal profile for foulant film thickness and 

heat load.  The resulting graph (Figure 40) indicates that control of foulant 

deposition was consistent for the majority of the 2009 production season.  Foulant 

deposition appears to decrease towards the end of the season and this trend 

continues into September of the 2010 production season.  Foulant deposition then 

increases as the 2010 season progresses.  The two factors that have a major 

influence on the level of deposition are the quality of the water treatment 

programme and the temperature of the heat transfer surface (Nalco, 1988), (p 

21.2). This is due to the inverse solubility of most scale forming species as 

temperature increases. If the chemical programme is managed correctly microbio 

film development and foulant deposition will be minimised.  The existing fouling will 

also slowly be removed with time.  This is possibly what is being observed for the 

period November 2009 to June 2010.  As the heat load increases the potential for 

mineral deposit fouling increases, consequently if the chemical treatment 

programme is not adjusted to allow for this then fouling will occur.  This is possibly 

what is being observed for the period August 2010 to December 2010. 
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It is important to note that it is the trend that is of primary importance with this data 

and not the absolute values.  This is due to the fact that there may be some 

variability in the absolute values due to measurement and computational errors but 

the trend is an indicator of changes in the system. 

 

Figure 40: Film thickness predictions for the period November 2009 to 

December, 2010 based on HOR values calculated from 

Psychrometric, NIWA and I-history data.  

The film thickness predictions are compared with the corresponding 

heat load calculated in the Energy Balance exercise. 

 

4.6.4 Change in Efficiency with change in relative area of foulant film on coil 

 

One of the observations when manipulating data in the model was that efficiency 

appeared to decrease as the relative area of the foulant layer increased, i.e. there is 

a ‘geometry effect’ associated with the relationship between relative surface area 

and reduction in efficiency.  To test this hypothesis the model was run using 

Calcium Carbonate as the fouling material and the ratio of area outside the tube 

(Aoutside) to area inside the tube (Ainside) was varied to test what the efficiency would 
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change by for a constant fouled thickness of 1mm.  Table 21 provides the results 

obtained from the model. 

 

Table 21: EES model calculation results for change in efficiency with 

change in relative areas of area outside (Aoutside) to area inside 

(Ainside) as represented by the Area ratio (Arearatio)4  

A inside 

(m2) 

A outside 

(m2) 

Area 

Ratio 

Qclean 

(kW) 

Qfouled 

(kW) 

L 

(m) 

Efficiency

% 

0.63 1.26 2.000 54.5 11.04 10 20.25 

2.99 5.13 1.714 203.6 44.89 34 22.05 

6.56 10.20 1.556 362.0 87.95 58 24.29 

11.33 16.49 1.455 517.4 138.8 82 26.82 

17.32 23.98 1.385 663.6 195.9 106 29.51 

24.50 32.67 1.333 798.3 257.9 130 32.31 

32.90 42.57 1.294 921.0 323.6 154 35.14 

42.50 53.68 1.263 1032.0 391.8 178 37.97 

53.31 66.00 1.238 1133.0 461.7 202 40.75 

65.32 79.52 1.217 1224.0 532.2 226 43.48 

78.54 94.25 1.200 1307.0 602.8 250 46.13 

 

 

The results of the change in efficiency versus relative area change were plotted in 

Figure 41.  This supports the observation that heat transfer efficiency does 

decrease with increase in relative area of the foulant (scale) film, i.e. geometric 

effects impact on the heat transfer efficiency. 

 

 

                                             
4 For the purpose of this exercise Aoutside  and Ainside  were both allowed to vary. 
Alternatively one of the variables could have been set but this would not have 
affected the results generated by the model in terms of Arearatio. 
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Figure 41: Change in efficiency with change in relative area of a coil with a 

Calcium Carbonate scale film thickness of 1mm.  

Relative area is defined as the ratio of the outside area of the coil 

(scale surface) to the inside area of the coil. 

 

4.7 Cost analysis 

 

The major costs associated with operating an evaporative condenser are due to 

the electricity costs of running the compressor, the forced air fan and the water 

circulation pump. 

 

The electricity cost of running the EC1 condenser was calculated using equation 

(39). Figure 42 provides a graph of the cost of running the condenser per kW of 

heat rejected by the compressor compared to the predicted film thickness and 

Figure 43 is an XY scatter graph of these two variables with the associated 

regression analysis. 

 

0

10

20

30

40

50

1.0 1.2 1.4 1.6 1.8 2.0

H
ea
t 
tr
an

sf
e
r 
ef
fi
ci
e
n
cy
 (
%
)

Relative area (Aoutside/ Ainside)



118 

 

 

 

Figure 42: Cost of running the EC1 condenser compared to the film 

thickness prediction for the February to April, 2010 data set.  

 

 

 

Figure 43: Cost of running the EC1 condenser and film thickness      

prediction for the February to April, 2010 data set.  

Marginal cost per kW HOR (y) equals 0.2818 times the film thickness. 

Where the deposit is known and k=1.0 W/m2 K.  
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The regression analysis result of 0.658 indicates that there is a weak correlation 

between running cost and film thickness.  Other variables affecting the cost of 

running the EC1 condenser, i.e. environmental conditions such as humidity must 

be explored further for their contribution to strengthening the correlation. 

 

Although the regression analysis indicates the cost to film thickness relationship is 

not perfect we can still project from the XY Scatter Graph with some confidence 

that the cost per kW HOR will increase by approximately 150% when the scale 

layer on the EC1 condenser coil increases in thickness from 0 to 2.5mm, i.e. an 

increase in cost from 0.398 cents per kW HOR to 1.10 cents per kW HOR.  For this 

scenario where the average HOR per hour is 793 kW the total cost of running the 

condenser would increase from $75.75 per day to $209.35 per day.  

 

The cost increase associated with the scale thickness measured during the June 

shut (1.62mm) is 0.46 cents per kW HOR. Using the average HOR per of 793 kW 

this would indicate a cost per day of $162.63; an increase of 115%.  If we 

extrapolated this to a cost per day for the total refrigeration system, the clean 

system would cost $1254.51 per day to manage a heat load of 6.73MW per hour 

and $2693.35 per day at a scale film thickness of 1.62mm for the same heat load.  

 

In general we can hypothesise from this correlation that the cost of running the 

evaporative condenser increases at a rate of (0.2818 x the film thickness) + 0.398 

cents per kW HOR, i.e. a marginal cost for fouling of 0.2818 cents per mm of 

foulant per kW of HOR.  Figure 43 illustrates the cost to film thickness relationship. 

 

Because the Whareroa evaporative condensers are run as ‘baseline’ HOR 

equipment, i.e. they are running at full load when they are on, we can also assume 

that the HOR efficiency (εec ) to cost relationship will be constant for this system.  If 

the efficiency of the condenser drops by a set amount the cost of rejecting the heat 

load will increase by an amount equal to the value set by the equation for the 

correlation.  For this scenario the correlation is y= 96.686 * x-1.192 as determined by 
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the curve fit function shown in Figure 44:  Cost to Efficiency correlation for 

the EC1 evaporative condenser   at Fonterra Whareroa.. 

 

Figure 44:  Cost to Efficiency correlation for the EC1 evaporative condenser   

at Fonterra Whareroa. 

 

The electrical cost to run the Evaporative Condenser can also be viewed in terms 

of Carbon Dioxide emissions (or equivalents).  Figure 45 represents the actual 

running costs as t-CO2-e per hour of electricity used and is compared with the 

predicted film thickness for this period.  The CO2 emission rate is calculated by 

multiplying the energy usage by the set rate for Fonterra Whareroa of 0.634t per 

MWhr.  The average for the period is 1.069  t-CO2-e per day and can be compared 

to the emission rate when there is no fouling present 0.480 t-CO2-e per day, i.e. an 

increase of 123%. 
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Figure 45: t-CO2-e per day for electricity consumed to run the EC1 

condenser compared to film thickness for the February to April, 

2010 data set.  

(Based on emission rate for Whareroa of 0.634t per MWhr of 

electricity). 

 

t-CO2-e emission rates for the electricity used to run the refrigeration system 

compressors were compared to the heat load and predicted film thickness for the 

composite seasonal data. The result is shown as Figure 46 below. The CO2 

emission trend appears normal for the heat load, i.e. emissions follow heat load.  
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Figure 46: t-CO2-e electricity consumed to run the refrigeration system 

compressors compared to predicted film thickness and system 

heat load for the period November 2009 to December 2010 

(Based on emission rate for Whareroa of 0.634t per MWhr of 

electricity). 

 

4.8 Summary 

 

The results of the energy balance exercise indicate that there are some significant 

errors in the data that is captured on site. A potential source of this could be the 

flow meter values for the chilled water flow rates through the evaporators and the 

plate heat exchanger condensers.  Another potential source is the fan speed 

strategy utilised to manage the air flow through the evaporative condenser(s). 

 

The model was tested by comparing outputs for efficiency with those obtained by 

Macleod- Smith, Qureshi and Zubair and Carrier design data. The model produced 

results that were within 5% of the results obtained by the other three sources. 
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A prediction of fouling thickness was then made for the study evaporative 

condenser based on efficiencies determined from temperature measurements over 

the evaporative condenser that were then used by the model to predict film 

thickness. The evaporative condenser was opened for its annual shut and the 

thickness of the foulant was measured. Results obtained for the model prediction 

differed from the actual measured result by 6.4%. 

 

Theoretical energy costs for running the total refrigeration system were 

extrapolated to determine the cost relationship associated with running the system 

in a fouled state. Energy costs for the 1.73mm scale film thickness measured 

during the inspection show that the costs increased by 115% when compared to 

design. CO2-e emissions are directly proportional to energy cost so there would be 

a 115% increase in emissions as well. 
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Chapter 5 DISCUSSION 

 

The results of this research have shown that the predictive efficiency model 

developed here closely replicates the results of Qureshi and Zubair, The Carrier 

Refrigeration Handbook and Macleod-Smith.  The model was used to predict the 

film thickness of scale buildup on an existing evaporative condenser.  The model 

predicted the scale build-up to within 6.4% of the build-up measured when the 

condenser was opened for inspection.  The predicted scale thickness was 

determined at 1.73mm and the actual thickness was found to be 1.62mm.  It was 

determined that the prediction value was within the 95% confidence interval for the 

coil measurements. 

 

A potential limitation of this model is the requirement to estimate the thermal 

conductivity (k-value) of a fouling material when the material is a combination of 

two or more substances comprising of minerals and/or biofilm.  As an example, to 

emphasis the importance of accurate thermal conductivity determination, if we use 

the same range of k-values that were used for the sensitivity analysis (refer section 

4.6), for k-values of 0.5 to 1.5 W m-2 K-1 the model predicts a film thickness of 

between 0.82 and 2.63mm, i.e. a variation of +/- 52% to the predicted value of 

1.73mm.  This outcome highlights that the model will only be accurate if the k-

value determination is accurate. 

 

There are a limited number of models in the literature that are used to predict the 

morphology of a composite material. An example can be found in the 4th edition of 

Perry’s Chemical Engineers’ Handbook (Perry, 1963). Such models could 

potentially be used to enhance the capabilities of this project. However, rigorous 

assessment would be required to determine their reliability.  Although the project 

model is possibly limited by the necessity to identify the fouling material before the 

film thickness can be predicted, this is the most accurate option at this point in 

time. 
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Another limitation of the project is the inability to reconcile the energy balance to 

less than 30% difference between heat load plus work done by the compressors, 

and heat of rejection.  A combination of the variability introduced by the fan speed 

control strategy utilised at Fonterra Whareroa and the errors introduced by each 

sensor, particularly the fan ‘energiser’ and water flow meters are thought to be the 

main causes of this high margin of error. 

 

Regardless of the limitations, this methodology can still be used to monitor the heat 

transfer efficiency of a refrigeration system in real time if there is capability to 

monitor heat load into the system and psychrometric variables over the condenser. 

If a system is known to be clean then the model can be ‘calibrated’ to show Qclean, 

any subsequent loss in efficiency could then be addressed as a reduction in 

efficiency is observed.  Loss in apparent efficiency could be caused by a number of 

issues including: water-side fouling of heat transfer surfaces, fouling of the 

refrigerant side with oil or air, mechanical failure of fans, pumps or compressors 

and malfunctioning sensors. 

   

The minimum variables that are required to monitor a system with this model are 

described in Table 22. Dry bulb temperature out of the condenser is probably the 

one variable that will require additional equipment to allow continuous monitoring.  
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Table 22: Variables required to monitor a refrigeration system with the 

predictive efficiency model. 

Evaporator side variables Unit 

Temperature into heat exchanger C 

Temperature out of heat exchanger C 

Flow rate of chilled water through heat exchanger Kg/s 

Temperature or pressure of refrigerant into heat exchanger C or kPa 

Evaporation temperature C 

Condenser side variables  

Thermal conductivity of deposits (k-value) 

Dry bulb ambient air temperature 

W/m/K 

C 

Wet bulb ambient air temperature C 

Dry bulb air temperature out of condenser C 

Cold well water temperature C 

Suction pressure of refrigerant kPa 

Discharge pressure of refrigerant kPa* 

Discharge temperature of refrigerant (superheat) C* 

Air flow rate in the tower Kg/s* 

Water flow rate in the tower Kg/s 

*The sensitivity analysis (refer 4.6.1) indicates that it is critical that these variables are measured as accurately 

as possible. 

  

This project has focused on only one refrigeration system.  As a consequence the 

question of transferability still requires answering.  Testing this model on another 

refrigeration system would also increase the credibility of the results obtained for 

the Fonterra Whareroa system.  Further, the application of the model to a 

refrigeration system where the evaporative condensers is not fully loaded is also 

required to test the full capability of this model. 
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This project has highlighted the cost of running a fouled refrigeration system.  

Although the fouling was only moderate the predicted cost to cool the processing 

plant increased by 115%.  Given that this represents a significant increase in 

revenue it makes sense to resource the appropriate chemical treatment 

programme so that fouling is minimised.   

 

The business community is slowly recognising the importance of sustainability but 

few are taking real action to demonstrate it.  The potential impacts of global 

warming have motivated responsible businesses to take action to optimise energy 

use.  In addition, the financial crisis of 2008 has forced businesses to become 

more financially sustainable.  Many organisations are using this focus on 

environmental and financial sustainability as a means of differentiating themselves 

from their competitors.  As an example Nalco are now employing energy and 

sustainability indicators internally in their business plans and externally as a means 

of demonstrating value creation for their customers. Figure 47 is an excerpt from a 

strategy paper from Nalco (Williams, 2010) showing the sustainability and value 

creation flow path for ‘Optimized Cooling Water Treatment’.  This is of particular 

relevance to this project and highlights the value that is created for the customer 

from good fouling mitigation. 

 

Figure 47: Example of sustainability indicators flow diagram produced by 

Nalco 
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Using sustainability as a marketing tool is currently useful but ultimately is only 

effective if rigorous research and case studies exist to show that the organisation 

in question is ‘walking the talk’.  Anything less is likely to be recognized as ‘green 

washing’. 

 
Using sustainability indicators to support measurable economic and environmental 

impacts is a (far more) powerful position for a business reliant on industrial 

processing.  Development of such predictive models for businesses reliant on 

energy intensive processes such as refrigeration can deliver tangible economic 

and environmental benefits.  These are a better basis for marketing products and 

services to industry.  
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

 

This project has produced a predictive efficiency model that has the potential to be 

a useful tool for real time monitoring of refrigeration systems and potentially other 

industrial cooling systems. 

 

Currently the model developed during this project is not in a form that is ‘user 

friendly’.  The steps required to enhance the capability of the model and create a 

tool that could be ‘universally’ used to monitor refrigeration systems are: 

 

1. Enhancing capability by using the commercial version of Engineering 

Equation Solver (EES) so that the macro function in this version can be 

utilised to transfer data to and from of databases such as Excel.  This would 

allow the model to be largely automated and potentially mean that the 

model could be incorporated into a process control system and used for 

continuous monitoring. 

 

2. Testing the model on refrigeration systems with variable loads to determine 

the model’s accuracy for partial load situations. 

 

3. Reviewing the performance of the model on systems with a range of fouling 

materials. 

 

The energy balance exercise completed during this project indicated that there is 

potentially an issue with the calibration of monitoring sensors situated at the 

Fonterra Whareroa plant.  It is recommended that the calibration schedule of these 

sensors be reviewed. Particular emphasis should be placed on the chilled water 

flow meters at each of the process plant evaporator plate heat exchangers.  
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Industrial plants that take the opportunity to utilise monitoring tools such as the one 

developed during this project are being proactive about optimising their financial 

and environmental sustainability. 
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APPENDICES  

 

Appendix 1: 
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Appendix 2:  HRF Selection data and Procedure (BAC) 
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Appendix 3:  Nomenclature 

 

A    area ሺm2ሻ 

A1    mean surface are of coil ሺm2ሻ 

Ainside    inside area of coil ሺm2ሻ 

Aoutside    outside area of coil ሺm2ሻ 

Aሺxሻ     manufacturer’s performance factors 

Bሺxሻ     manufacturer’s performance factors 

C1  represents  increase  in  performance  index  as  fouling  reaches  its 

asymptotic value 

C2  constant used in asymptotic fouling model ሺequation 29ሻ 

COP  Coefficient of performance 

Cp  specific heat at constant pressure ሺKJ kg‐1 C‐1ሻ 

Cpw  specific heat of water ሺKJ kg‐1 C‐1ሻ 

D  diameter ሺmሻ 

dtower  diameter of tower ሺmሻ 

Ecost    is the cost per kW 

Ef    is the effectiveness of an evaporative condenser 

FLC    percent full load capacity 

G  mass velocity ሺkg/ሺs.m2ሻሻ 

h  specific enthalpy ሺkJ kg‐1ሻ 

ha  enthalpy of air ሺkJ kg‐1ሻ 

hair,in  enthalpy of ambient air drawn into the evaporative condenser ሺkJ kg‐1ሻ 

hair,out   enthalpy of air at the exit of the evaporative condenser ሺkJ kg‐1ሻ 

hair,outሺrefrigerant,  SCTሻ  enthalpy  of  saturated  air  at  the  refrigerant  condensing 

temperature ሺkJ kg‐1ሻ 

࢖࢓࢕ࢉࢎ         Enthalpy over the compressor ሺkJ kgሻ⁄  

hD    convective mass transfer coefficient kg m‐2 s‐1ሻ 

hf,w  specific enthalpy of water evaluated at Tw  ሺkJ kg‐1ሻ 

hinside  convective heat transfer coefficient inside coil ሺkW m‐2 C‐1ሻ 



134 

 

houtside  convective heat transfer coefficient outside coil ሺkW m‐2 C‐1ሻ 

HOR  Heat of rejection ሺkWሻ 

HORtotal    Heat of Rejection for all Evaporative Condensers ሺkWሻ  

HOREC1    Heat of Rejection for Evaporative Condenser No. 1 ሺkWሻ 

HORdesign,total      Total design Heat of Rejection ሺkWሻ 

HORdesign, EC1   Design Heat of Rejection for Evaporative Condenser No.1ሺkWሻ  

hr  enthalpy of refrigerant ሺkJ kg‐1ሻ 

HRF   is the heat rejection factor at a particular wet bulb temperature and 

saturation condensing temperature 

hrin  enthalpy of refrigerant at inlet air temperature and pressure ሺkJ kg‐1ሻ 

hrout  enthalpy of refrigerant at outlet air temperature and pressure ሺkJ kg‐1ሻ 

hsint  enthalpy of saturated moist air at water, air interface ሺkJ kg‐1ሻ 

hwin  enthalpy of  refrigerant at  inlet air wet bulb  temperature and pressure 

ሺkJ kg‐1ሻ 

k  thermal conductivity ሺkW m‐1 C‐1ሻ 

,ࢇ࢏࢔࢕࢓࢓ࢇ ࢑   ࢋࢍ࢘ࢇࢎࢉ࢙࢏ࢊ thermal  conductivity  of  ammonia  at  discharge  pressure  from  the 

compressor ሺkW m‐1 C‐1ሻ 

ksteel  thermal conductivity of steel coil ሺkW m‐1 C‐1ሻ 

kscale  thermal conductivity of fouling material ሺkW m‐1 C‐1ሻ 

L  Length of coil ሺmሻ 

ma  mass flow rate of air ሺkg/sሻ 

mr  mass flow rate of refrigerant ሺkg/sሻ 

mw  mass flow rate of water ሺkg/sሻ 

MVelocity   mass velocity of ammonia ሺkg/sሻ 

Nc  is the Nominal capacity is the design capacity defined by the          

manufacturer of the evaporative condenser. 

Nu  Nusselt number 

P  pressure ሺkPaሻ 

Pair, out  pressure of air out of evaporative condenser ሺkPaሻ 

  ࢉࡼ critical thermodynamic pressure of ammonia ሺkPaሻ 
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  the compressor discharge pressure  ሺkPaሻ ࢋࢍ࢘ࢇࢎࢉ࢙࢏ࡰࡼ  

Prl  Prandtl number 

Pr ൌ reduced pressure ሺkPaሻ 

PR     pressure ratio ሺdischarge pressure ሺkPaሻ / suction pressure ሺkPaሻሻ 

Q  heat transfer ሺkWሻ 

Qc  heat transfer at condenser ሺkWሻ 

Qclean  heat of rejection for evaporative condenser at design ሺkWሻ 

Qe  heat transfer at evaporator ሺkWሻ 

Qfouled  heat of rejection for evaporative condenser at design ሺkWሻ 

Qrec  is the heat recovered from the compressor ሺkWሻ 

R  resistance of  the fouling layer ሺkW/ m2 .Cሻ 

Re  Reynolds number 

Rea  Reynolds number of air 

Reamm  Reynolds number for ammonia 

Repr   

rid  inside diameter of coil ሺmሻ 

rod  outside diameter of coil ሺmሻ 

T  temperature ሺC)  

Tdb,in  Dry bulb temperature of air into the condenser ሺC) 

Twb,in  Wet bulb temperature of air into the condenser ሺC) 

 temperature of refrigerant at discharge ሺCሻ  ࢙࢏ࢊࢀ

Tint  temperature of water at water, air interface ሺC) 

Tr  temperature of refrigerant ሺC) 

Tw  temperature of water ሺC) 

Tw,in  temperature of water out of evaporative condenser ሺC)   

Tw,out  temperature of water out of evaporative condenser ሺC) 

U  overall heat transfer coefficient ሺkW m‐2. C) 

Uclean  heat transfer coefficient for clean system ሺkW m‐2. C) 

Ufouled  heat transfer coefficient for fouled system ሺkW m‐2. C) 

Uos  heat transfer coefficient for outside of coil ሺkW m‐2. C) 
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Vair  velocity of air in evaporative condenser ሺm/sሻ 

W  humidity ratio of moist air ሺkgw kga‐1ሻ 

Wcalc  Work done by the compressor using the “Work _Comp” tool ሺkWሻ 

Win  humidity ratio of air into evaporative condenser 

Wsint  humidity ratio of air at water air interface 

Wcomp  work done by compressor ሺkWሻ 

࢞  Thickness of layer ሺmሻ 

xquality  mass fraction of vapour 

ΔTlm  log mean temperature difference ሺCሻ 

T  change in temperature at condenser or evaporator ሺCሻ 

δ  total thickness of fouling layer ሺmሻ 

ρair,in  density of air into evaporative condenser ሺkg/m3ሻ 

εec  efficiency of evaporative condenser 

η  Condenser performance index 

    ࢏ࣁ
isentropic efficiency  

   ࢖ࣁ
part load efficiency 

ηQ,norm    normalized cooler/ condenser performance index 

µ  fluid dynamic viscosity ሺPa.sሻ 

µair,in  dynamic viscosity of air ሺPa.sሻ 

 µamm fluid dynamic viscosity of ammonia ሺPa.sሻ 

λ  thermal conductivity of material ሺkW m‐1 C‐1 ሻ 

  “change in” 

  ࢖࢓࢕࡯∑ Total cost of running compressors ൅ cost saving for heat recovery ሺ$ሻ  
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Appendix 4:  Fonterra Whareroa Instrument works report 
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Appendix 5:  Tag list 
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Appendix 6:  Plant commissioning documentation 
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Appendix 7:  3DT Optimiser programme example 
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Appendix 8:  Deposit scale analysis 
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Appendix 9:  Coil diameter measurements made on 2nd of June, 2010 

Measurement Diameter (mm) Measurement Diameter (mm) 

1 29.1 16 31.21 

2 31.53 17 30.11 

3 31.36 18 28.98 

4 28.87 19 28.67 

5 31.41 20 28.47 

6 32.16 21 31.32 

7 30.88 22 30.63 

8 26.43 23 32.85 

9 28.56 24 31.96 

10 30.79 25 27.29 

11 31.86 26 30.54 

12 30.94 27 33.14 

13 29.65 28 29.49 

14 31.73 29 28.41 

15 29.67 30 29.15 
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