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Abstract 

In this thesis, two different methods were used attempting to estimate heat loss from metal holding 

tanks and chutes at Chassix Norway. The first method uses thermal resistance to calculate the total 

heat loss without any measurements, while the second calculates the conductive, convective and 

radiative heat loss separately using surface temperature measurements. Resulting heat loss for one 

year was 605.65 MWh without measurements and 827.64 MWh after surface temperature 

measurements. Heat loss calculated using measurements is the most accurate, as it relies on fewer 

assumptions.  

Additionally, a model was created in Aspen Plus with basis in a cooling tower at Chassix, attempting to 

analyze the operations of the cooling tower using the distillation column block RadFrac. The process 

of finding the VLE (Vapor Liquid Equilibrium) diagram for water and air was presented, with the 

intention of using the McCabe-Thiele method to find the number of equilibrium stages suitable for the 

model. However, the VLE diagram proved unreasonable to use in the McCabe-Thiele method. The 

model was therefore run with a reasonable amount of equilibrium stages, based on an example model. 

This did not yield any useful results and it was clear the model did not run as intended. Despite this, 

simulating and analyzing a cooling tower in Aspen Plus should be possible as it has been done before, 

albeit with a more complex method.  
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1. Introduction 

Cooling towers are common industrial devices used in the cooling of production, ventilation and other 

systems. They exploit the cooling effect that occurs when water evaporates and enhance it with forced 

or natural draft. The efficiency of cooling towers can have a substantial impact on energy consumption, 

and is consequently widely explored in regards to mathematical models that can predict their 

performance [1]. According to Jin et al [1] Merkel was the first to introduce a model to describe the 

operation of a cooling tower in 1925. Since then, several new, accurate methods have been proposed, 

among them the effectiveness-NTU method and Stoecker´s [2] empirical model based on polynomial 

approximation. 

However, very little work has been done to explore the modeling of cooling towers in the program 

Aspen Plus. The only work belongs to Queiroz et al [3], who proposed an approach to simulate cooling 

tower performance by using Murphree efficiency and equilibrium stages to describe the operation. 

These parameters were optimized using the Levenberg-Marquardt method in Microsoft Excel, which 

was then integrated with Aspen Plus.  

Considering this information, part of this thesis will focus on attempting to model a cooling tower of a 

commercial plant in Aspen Plus using another method. The VLE is applied to calculate the number of 

equilibrium stages necessary for the cooling tower simulation using the McCabe-Thiele method. Since 

the model block used in Aspen Plus, RadFrac, represents a distillation column, this method can be used 

while regarding the air and water that mixes in a cooling tower as two components to be separated in 

a distillation column.  

Several areas in industry are interesting when referring to energy efficiency. Norway produces a lot of 

electricity from wind energy and hydropower [4], which is used in a variety of energy-intensive 

industries all over the country. The amount of electricity used by the energy-intensive industry in 2016 

was 36.5 TWh, which is approximately 30 % of the total electricity produced, 122.4 TWh [4]. Chassix is 

part of this energy demanding sector, which has a substantial potential for reducing the energy 

consumption when improving energy efficiency. Optimizing the operations of a cooling tower could 

have a significant impact on consumption in the plant. 

This thesis will also look at the energy consumption of electrical heating elements employed at Chassix 

to keep aluminum at a constant temperature of approximately 730 °C in liquid state within tanks and 

chutes. Keeping aluminum at this temperature requires significant amounts of energy and variations 

in insulation or other parameters has the potential to influence electricity consumption greatly. The 

heat loss will first be estimated based on calculations without measuring surface temperatures using 

thermal resistance, and then after measurements are taken. The results will then be compared to 

assess whether the calculations done before or after measurements are more accurate.  

Finally, a Sankey diagram describing the total energy flow which has been estimated will be presented 

as a reference point to the results from the heat loss calculations, and where the energy analysis of 

the cooling tower would have fit in.   
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1.2  Background 

Chassix is located in Farsund, Norway. The factory produces aluminum castings for the automotive 

market, with customers such as BMW, Ferrari and Rolls Royce. The aluminum used in their production 

is delivered in liquid form from Alcoa, just 200 m from the gate to Chassix.  

In 2016, the electricity consumption of Chassix was 24119 MWh. With a total electricity cost of 0,40 

NOK/kWh, this resulted in 9 647 600 NOK spent on electricity in 2016. Additionally, 3 GWh of energy 

is consumed in the form of propane each year for the sand mold production.  

With such a substantial consumption, there is a strong motivation to map the flow of energy 

throughout the factory and identify where the energy losses are highest. Subsequently, this leads to 

awareness of what areas have the most potential for reduction in energy consumption.   
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1.3  Research questions 

How much heat loss from the aluminum heating will be estimated using thermal resistance without 

any measurements, compared to calculations done after measuring the surface temperatures? 

 

Is it possible to create a VLE diagram of an air-water mixture, and use that knowledge to find 

equilibrium stages for the cooling tower at Chassix?  

 

Can the cooling tower be simulated in Aspen Plus when there are few previous examples of it? 
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1.4  Research limitations 

During the work on this thesis, several factors presented difficulties. The original title for the thesis 

was vague, and it was necessary to modify it before the research could focus on relevant areas. 

Providing energy analysis for all areas in the production process at Chassix would have caused the 

workload to exceed the scope of this thesis.  

New investments and projects at Chassix caused limitations on how much time and resources they 

could spare for this thesis. This caused the flow of information to be slower than it could have been, 

imposing some restrictions on how fast the thesis was progressing.  

Finally, Aspen Plus was the only relevant program available for modeling and simulating in this thesis. 

It is mainly a tool for simulating and analyzing chemical processes. Consequently, aligning the options 

in Aspen Plus with a suitable title and appropriate research questions proved time-consuming, and a 

process with significant research and trial and error. On top of this, it was necessary to learn the 

program before these options could be explored.   
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2. Theory 

2.1 Heat transfer 

This chapter will present the three components heat loss comprises of, conduction, convection and 

radiation, as well as heat loss calculation by thermal resistance. Parts of this sub-chapter refers to 

earlier work in a research project [5]. 

2.1.1 Conduction  

Conduction is the transfer of heat through a medium, which can be gas, solid or liquid. The rate of heat 

transfer is determined by the medium conductivity, medium thickness and temperature difference. 

Heat transfer is given by Fourier´s law [6]: 

𝑄𝑐𝑜𝑛𝑑 = 𝑘𝐴 (
𝑇2 − 𝑇1

𝐿
) 1 

where 

𝑄𝑐𝑜𝑛𝑑 = Rate of heat transfer from direct contact [W] 

𝑘 = Thermal conductivity [W/m*K] 

𝐴 = Area [m2] 

𝑇2 = Temperature [K] 

L = Length/thickness of medium [m] 

An example of heat transfer by conduction is through a door in a house, where T2 is the temperature 

inside, which is higher than T1, the temperature outside. This gives a positive number in the x-direction, 

inside to outside.  

2.1.2 Convection 

Heat transfer from a solid surface to an adjacent liquid or gas is known as convection and happens as 

a combination of conduction and the bulk motion of gas or liquid. The movement of air around a 

radiator caused by the heating is an example of convection. The rate of heat transfer through 

convection is given by Newton´s law of cooling [6]: 

𝑄𝑐𝑜𝑛𝑣 = ℎ𝐴(𝑇𝑠 − 𝑇𝑓) 2 

where 

𝑄𝑐𝑜𝑛𝑣 = Rate of heat transfer from area to fluid [W] 

ℎ = Heat transfer coefficient [W/m2*K] 

𝑇𝑠  = Surface temperature [K] 

𝑇𝑓  = Temperature of adjacent fluid [K] 

Convection resistance is useful when calculating a network of resistances through several layers [7]:  

𝑅𝑐𝑜𝑛𝑣 =
1

ℎ𝐴
3 

where 
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convR  = Thermal resistance [K/W] 

When energy is being transferred from a surface by convection, the motion of air can either be free-

flowing or forced. Free-flowing means only the natural draft induced by the rising of hot air moves the 

air, while forced convection uses fans or motors to increase the rate of heat transfer. Forced 

convection typically increases rate of heat transfer by up to 10 times for gases, and up to 20 times for 

liquids [6].  

Heat transfer coefficient of air with natural convection varies between 6 and 30 W/m2*K [8]. This 

greatly affects the resulting heat transfer from convection, as it is directly proportional according to 

eq. (2). Finding the correct coefficient is therefore a critical step in finding the most accurate convective 

heat transfer. Mills [9] claims natural convection, such as heat rising from a heated wall, does not 

exceed a velocity of 2 m/s, and a typical value for gases is 5 W/m2*K. To find the heat transfer 

coefficient of the tanks and chutes, heat flow on a vertical wall is considered. For this purpose, several 

steps have to be taken. First, the Rayleigh number for flow is needed. It is given by [9]: 

𝑅𝑎𝑥 =
𝛽∆𝑇𝑔𝑥3

𝑣𝛼
4 

Where 

𝑅𝑎𝑥 = Rayleigh number [-] 

𝛽 = Volumetric coefficient of expansion [K-1] 

∆𝑇 = Difference of surface and ambient temperature [K] 

𝑔 = Gravitational constant [m/s2] 

𝑥 = Length [m] 

𝑣 = Kinematic viscosity [m2/s] 

It can also be expressed as [9]: 

𝑅𝑎𝑥 = 𝐺𝑟𝑥𝑃𝑟 5

where 

𝐺𝑟𝑥 = Grashof number [-] 

𝑃𝑟 = Prandtl number [-] 

Volumetric coefficient of gas [9]: 

𝛽 =
1

𝑇𝑟
6 

Mean film temperature, or reference temperature, is the mean of the surface and stream 

temperature. For external flows, the following equation defines the reference temperature used for 

calculations [9]: 

𝑇𝑟 = 𝑇𝑠 − 𝛼(𝑇𝑠 − 𝑇𝑒) 7 

Where 

𝑇𝑟 = Reference temperature [K] 
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𝛼 = Constant= 0,5 [-] 

𝑇𝑒 = Ambient temperature [K] 

The Grashof number is defined as [9]: 

𝐺𝑟𝑥 =
𝛽∆𝑇𝑔𝑥3

𝑣2
8 

The Prandtl number varies with temperature. For air, however, it deviates only slightly from 0.69 for 

even high temperatures [9]. 

A function is defined based on the Prandtl number [9]: 

Ψ = [1 + (
0,492

𝑃𝑟
)

9
16

]

−
16
9

9 

A function called the Nusselt number is then defined for laminar flow when Rax ≤ 109 [9]: 

𝑁𝑢𝐿 = 0,68 + 0,670(𝑅𝑎𝐿Ψ)
1
4 10 

Where 

𝑁𝑢𝐿 = Nusselt number 

The heat transfer coefficient can then be calculated from: 

ℎ =
𝑘

𝐿
𝑁𝑢𝐿 11 

2.1.3 Thermal Radiation  

Thermal radiation is transferred by electromagnetic waves, unlike conduction and convection. It 

requires no adjacent medium to transfer heat, as electromagnetic waves can travel through vacuum. 

All objects emit thermal radiation, and the rate of heat emission is given by the Stefan-Boltzmann law 

[6]:  

𝑄𝑒 = 𝜀𝜎𝐴(𝑇𝑠
4 − 𝑇𝑠𝑢𝑟𝑟

4 ) 12 

where 

𝑄𝑒 = Rate of heat transfer by radiation [W] 

  = Emissivity [-] 

  = Stefan-Boltzmann constant = 5.67*10-8 [W/m2*K4] 

Tsurr  = Temperature of surrounding area [K] 

Emissivity varies significantly for different types of steel, which is the surface material for the metal 

holding tanks and chutes at Chassix. Normal steel has more than 10 times lower emissivity than 

stainless steel [10]. 
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2.1.4 Multilayer plane walls 

To calculate heat transfer through a wall of multiple layers with different thermal resistance, consider 

Figure 1. This can be described as a composite wall, where thermal resistance in each layer is described 

as [7]: 

𝑅 =
𝑥

𝑘𝐴
13 

     

 

Figure 1: Two-layer wall[7]. 

Heat transfer from one side of a multilayered wall can be determined from the following equation [7]:  

𝑄 =
𝑇𝑖 − 𝑇𝑗

𝑅𝑡𝑜𝑡𝑎𝑙
14 

where 

𝑄 = Heat transfer [W] 

iT  = Temperature on hot side [K] 

jT  = Temperature on cold side [K] 

totalR   = Total thermal resistance in all layers [K/W] 

These multi-layer equations are based on the assumption that temperature increases or decreases 

through a single layer linearly.  

2.2 Distillation column 

A Distillation column is based on the principle of how different components of a mixture will have 

different boiling points.  The vapor will contain more of the lower boiling point component, while the 

liquid has a higher concentration of the higher boiling point component [11]. 

Figure 2 illustrates the principles of a distillation column´s operation. A feed stream, consisting of two 

or more components, is fed into the column at middle height. Columns are divided into a certain 

number of “stages”, which indicates how many total trays or plates there are. If the number of stages 
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in a column is 10, the feed stream will typically enter at stage five [12]. The purpose of trays in the 

column is to increase the rate at which the feed stream is separated into its components, and are 

divided into several types, such as bubble cap, valve and sieve [11]. 

 

Figure 2: Distillation column principles [12]. 

In addition to trays, columns include a condenser and reboiler to increase the separation. Liquid that 

collects at the bottom of the column is sent to the reboiler, where heat is used to generate vapor, 

which travels back into the column. At the top, on the other hand, vapor is sent to a condenser supplied 

with cooling water, which condenses the vapor into liquid. At both the condenser and reboiler parts 

of the distillation column liquid is removed from the circulation as top or bottom product [11]. 

For a given distillation column, the reflux ratio is defined as flow returned per flow of top product 

removed [13]: 

𝑅𝑓 =
𝑓𝑟

𝑓𝑝
15 

Where 

𝑅𝑓 = Reflux ratio [-] 

𝑓𝑟 = Flow returned as reflux [m3/h] 

𝑓𝑝 = Flow of top product removed [m3/h] 

The two extreme ends of reflux ratio are total reflux and minimum reflux. Total reflux describes the 

situation where all the condensate from the top is returned to the column., and no feed is added or 

product removed. On the other hand, minimum reflux occurs when no condensate is returned, and 
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the number of stages required in the column is infinite. This is because more reflux requires less stages 

to achieve separation, while less and less reflux requires more and more stages, until minimum reflux 

needs infinite stages [13].  

Distillate describes the top product leaving the column, as shown in Figure 2, and it may be liquid, 

vapor or both [14]. The distillate to feed ratio is defined as the ratio of distillate flow to feed flow: 

𝐷 =
𝑓𝑑

𝑓𝑓
16 

𝐷 = Distillate to feed ratio [-] 

𝑓𝑑 = Distillate flow [m3/h] 

𝑓𝑓 = Feed flow [m3/h] 

2.3 Cooling tower 

A cooling tower is a device that takes advantage of water evaporation and heat exchange between 

water and air to cool down hot water. It is widely used in industry to keep industrial equipment at 

acceptable operating temperatures. Figure 3 shows the components of an industrial cooling tower, 

specifically one using mechanical draft [15]. 

Inside a cooling tower, hot water encounters relatively dry, ambient air. In this exchange, small 

amounts of water will evaporate and cool down the water, a process that is enhanced by the induced 

draft of the tower. The hot water entering the tower is sprayed in with nozzles over a certain area of 

fill material that slows down the water. Water and air meet inside the fill material, where the cooling 

takes place. The fill material is designed to allow maximum exposure between air and water, with a 

large surface area and a maze of pathways [16]. 

 

Figure 3: Fundamental components of a cooling tower [16]. 

There are many ways to distinguish different types of cooling towers, such as construction and air flow, 

but the most generalized is by draft. The three main draft types are atmospheric draft, mechanical 

draft and hybrid draft. Mechanical draft towers are the only relevant type for this thesis, and will be 

explained further [15]. 
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Mechanical draft towers use fans to induce airflow through the tower, which lends them greater 

dependability than towers relying on atmospheric conditions. They also provide users with more 

control over the cooling power, by regulating the airflow. Where the fans are located in the circuit of 

a mechanical draft tower determines whether it uses forced draft or induced draft. Forced draft tower 

have fans located where the ambient air enters the tower, and often employ centrifugal blower fans. 

This saves space and allows for operation in high static pressure. These fans are, however, costlier than 

propeller fans. In addition, they are more prone to icing when they are located before the intake. 

Induced draft towers have fans on the exiting air stream, providing more protection against icing. 

Having fans at the discharge stream also reduces low-pressure areas at the inlets [15].  

 

Figure 4: forced draft (a) and induced draft (b) cooling towers [15]. 

The final cooling tower characterization covered here is by air flow and includes crossflow and 

counterflow. In a crossflow cooling tower, the fill material is located in such a way that air flows 

horizontally through it. Water falls vertically down through the fill material, causing the air and water 

to cross flows. The hot water is fed onto the sections of fill material, alleviating the need for a pressure 

spray system. Counterflow towers, on the other hand, has air move up through the fill material 

vertically, while water falls downward vertically, as seen in Figure 5 [16]. 
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Figure 5: counterflow (a) and crossflow (b) cooling towers [15]. 

2.4 Equilibrium stages 

Duffy [13] presents a method to find the number of equilibrium stages in a column using the McCabe- 

Thiele design method. This first requires the VLE diagram of the mixture in question. According to Price 

[17], the VLE diagram can be acquired by either experiment, calculation or in published sources. The 

water-air mixture of a cooling tower is not a typical case study regarding separation. Because of this 

no previous experiments or sources describe it, and the VLE diagram must be found by calculation. 

Obtaining the VLE diagram for a given mixture by calculation is a process requiring several steps and 

background knowledge, which will be presented here [18].  

If the VLE diagram is not available for the given mixture, a Txy (Temperature x, y) diagram or a Pxy 

(Pressure x, y) diagram can be used to acquire it. The diagrams, as shown in Figure 6, represent 

pressure or temperature on the vertical axis, and mole fractions on the horizontal axis. The mole 

fractions range from 100 % of x and 0 % of y at the axis origin to 0 % of x and 100 % of y at x = 1.0.  The 

method for finding the VLE in this thesis uses the temperature diagram. With it, the VLE diagram can 

be found by reading of the corresponding mole fractions of different temperatures.  
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Figure 6: Pxy and Txy diagram[19] 

To plot the Txy diagram, the boiling points of each component are used to create the end points. The 

boiling point of component x is where the starting point of both the bubble line and dew line. In Figure 

6, the diagrams show a mix of pentane and heptane, with pentane as the lowest boiling point and 

heptane as the highest.  

The bubble and dew line on the Txy diagram can be found by following Raoult´s law on vapor pressure. 

It only works on ideal mixtures, which don´t exist, but the law becomes more accurate the closer to 

ideal a mixture is. The law states that [18]: 

𝑝𝐴 = 𝑥𝐴𝑃𝐴
0 17 

And 

𝑝𝐵 = 𝑥𝐵𝑃𝐵
0 18 

Where 

𝑝𝐴  = Partial vapor pressure of component A [atm] 

𝑥𝐴  = Liquid mole fraction of component A [-] 

𝑃𝐴
0  = Vapor pressure of pure component A [atm] 

𝑝𝐵  = Partial vapor pressure of component B [atm] 

𝑥𝐵  = Liquid mole fraction of component B [-] 

𝑃𝐵
0  = Vapor pressure of pure component B [atm] 

The total vapor pressure can be found by the following equation: 

𝑝𝑡𝑜𝑡 = 𝑝𝐴 + 𝑝𝐵 19 

Where 

𝑝𝑡𝑜𝑡  = Total vapor pressure [atm] 
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Figure 7: Relationship between vapor pressure and boiling point of different substances [20] 

When the vapor pressure of a substance reaches the surrounding pressure, it will start to boil. Different 

substances have different boiling points, which will affect the resulting boiling point of a mixture. The 

vapor pressure of a substance depends on the fraction of molecules that have enough kinetic energy 

to escape the liquid state. This fraction is heavily dependent upon temperature, which can be seen 

increasing exponentially in Figure 7 [20]: 

The Txy diagram of a given mixture can be found by calculating the vapor pressure of both substances 

in the mixture over a range of temperatures. The Antoine Equation can be applied to find vapor 

pressure and is given by [21]: 

log 𝑃𝑣 =  𝐴𝑛 −
𝐵𝑛

𝐶𝑛 + 𝑇
20 

Where 

𝑃𝑣  = Vapor pressure [mmHg] 

𝐴𝑛  = Constant 

𝐵𝑛  = Constant 

𝐶𝑛  = Constant 

An, B and C are the Antoine constants for a certain substance over a given temperature range. The units 

for pressure and temperature depend on what the constants are specifically tabulated for.  

By reformulating eq. (20) to a temperature-explicit form, it can be expressed as:  

𝑇 =
𝐵𝑛

𝐴𝑛 − 𝑙𝑜𝑔𝑃
− 𝐶𝑛 21 
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2.4.1 VLE diagram 

Figure 8 shows a typical VLE diagram. It describes a mixture at constant pressure, where each point 

along the curve is a different temperature. As a rule of thumb, the larger the area between the x-y line 

and the curve, the more effective distillation will be at separating the components [17]. 

 

Figure 8: Example VLE diagram [17] 

2.4.2 The McCabe Thiele method 

McCabe and Thiele published a graphical method to find minimum reflux and number of equilibrium 

stages for a distillation column in 1925. Seader and Earnest [22] argues that computer methods are 

easier to use, but that the McCabe-Thiele method clearly demonstrates the main parts of distillation 

in a visual manner [22].  

The McCabe-Thiele method makes the following assumptions about the system [13]: 

• Constant molal overflow 

• Column has no heat loss 

Constant molal overflow means that the liquid and vapor flows in the rectifying section (above feed 

stage) and in the stripping section (under feed stage) are constant [23]. In other words, the number of 

molecules that evaporate and condense in each section is the same [24]. 

There is also a set of specifications that are necessary to know before using this method: 

• Total feed rate  

• Mole-fraction of the composition in the feed stream 

• Operating pressure 

• Mole-fraction in the distillate and bottoms 

• Reflux to minimum reflux ratio 

The first step of the McCabe-Thiele method is to have the VLE data of the mixture on an x-y diagram. 

To demonstrate the method, a benzene-toluene mixture showed in Figure 9 will be used. 
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Figure 9: VLE diagram of benzene-toluene [22] 

When the VLE diagram is available, the next step would be to pick the distillate composition and reflux 

ratio to find rectifying line. Distillate composition, XD, is the amount of benzene in the distillate. Reflux 

ratio is given by eq. (15). The rectifying line is described as [13]: 

𝑆𝑙𝑜𝑝𝑒 =
𝑅

𝑅 + 1
22 

Alternatively, the rectifying line intersection with the vertical line can be found by [13]: 

𝑋𝐷

𝑅 + 1
23 

Where 

𝑋𝐷 = Distillate composition [-] 

A typical value for reflux when using this method is 1.1 to 1.5 times minimum reflux. For the purposes 

of this example, a reflux ratio of 1.5 and a distillate composition of 0.8 are used. In a graphical context, 

minimum reflux is when the stripping line and rectifying line intersect on the equilibrium curve [13].  
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Figure 10: VLE with rectifying line [22] 

The intersection across the vertical line according to eq. (23) is 0.32, which is shown in Figure 10. The 

rectifying line is the stipulated line that runs from the x-y line to the vertical line.  

The next step would be to find the stripping line. In order to find it, the bottoms composition, XB, and 

the boilup ratio, VB, are necessary specifications. The boilup ratio describes how much liquid that is 

boiled back into the column as vapor to how much is removed in bottoms as liquid [13]: 

𝑉𝐵 =
𝑓𝑢

𝑓𝑜 
24 

Where 

𝑉𝐵 = Boilup ratio [-] 

𝑓𝑢 = Boilup [m3/h] 

𝑓𝑜 = Bottoms [m3/h] 

The slope of the stripping line is defined as: [13] 

𝑆𝑙𝑜𝑝𝑒 =
𝑉𝐵 + 1

𝑉𝐵
25 

Because distillate composition is 0.8, the bottoms composition is 0.2. With the knowledge that the 

stripping line starts from where the bottoms composition meets the x-y line, where the stripping line 

crosses the vertical line can be found [13]: 

𝑦𝐷 =
𝑉𝐵 + 1

𝑉𝐵
𝑥𝑏 + 𝑏 26 

Where 
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𝑦𝐷 = Stripping line [-] 

𝑥𝑏 = Mole fraction of benzene [-] 

𝑏 = Constant [-] 

For this example, boilup ratio is set to 1. With the information that when x=0.2, y=0.2, the intersection 

can be found: 

0.2 =
1 + 1

1
∗ 0.2 + 𝑏 → 𝑏 = −0.2 27 

The stripping line can now be added to the VLE diagram, as shown in Figure 11. 

 
Figure 11:VLE with rectifying and stripping line [22] 

With both rectifying and stripping line available, the process of finding the number of stages can be 

initiated. Start from where the distillate composition meets the x-y line and step off until the 

intersection of stripping and rectifying line is passed. Then step off using the stripping line [13]. 
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Figure 12: VLE with number of stages [22] 

Figure 12 shows the number of stages calculated from the stepping process, with the red steps 

following the rectifying line and the blue following the stripping line. This gives the total number of 

equilibrium stages: 9. If the goal is to find the number of actual plates in the distillation column, the 

plate efficiency can be used in the following equation [13]: 

𝑁𝑝 =
𝑁𝑒

𝜂𝑝
28 

Where 

𝑁𝑝 = Number of plates [-] 

𝑁𝑒  = Equilibrium stages [-] 

𝜂𝑝 = Plate efficiency [-] 

The reboiler will act as one ideal stage, it has to be subtracted to get the correct number of 

theoretical plates [13].   
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3. Methods 

3.2 Heat loss calculations 

The heat loss from the aluminum holding tanks and chutes at Chassix will be presented in this chapter. 

Finding the heat loss will be approached in two different ways, the first being calculation made just 

with the inner temperature, making necessary assumptions. The second will be calculations after 

measuring the surface temperature of the chutes and a holding tank.  

3.2.1 Initial calculations 

Some initial geometrical calculations of the tanks and chutes are necessary before starting on the heat 

loss calculations. Volume, wall area and wall length are presented in Table 1. Volume is based on 

amount of aluminum in tanks and chutes and aluminum density. The walls of the holding tanks and 

chutes consist of firebrick and fiber insulation.   

Table 1: Geometrical values 

 Volume [m3] Wall area [m2] Wall length [m] 

Tank (per tank) 4.615 2.772 1.665 

Chute (per meter) 0.0346 0.1062 0.3259 

 

Insulation in chutes are 12-15 cm in total, while tanks have approximately 40 cm [25]. A basis of 8 cm 

firebrick and 5 cm fiber insulation is assumed in the chutes. For tanks, 15 cm of fiber and 25 cm of 

firebrick is assumed. 1 m of chute contains approximately 90 kg of Aluminum, while one tank contains 

roughly 12 000 kg [25].  

Table 2: Insulation layer values for chutes and tanks 

 Heat transfer coefficient [W/m*K] Length [m] 

 Chutes Tanks Chutes 

Firebrick 0.3 0.25 0.08 

Fiber insulation 0.04 0.15 0.05 

 

The length of each insulation layer in Table 2 is assumed, as well as a squared geometry for simplicity. 

Average heat transfer coefficient is necessary for the heat loss calculations and was found to be 0.2025 

W/m*K for the tanks and 0.173 W/m*K for the chutes. 
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3.2.2 Calculations from assumptions 

Chassix receives their aluminum in liquid form at 730 °C and employs heating elements in the holding 

tanks, chutes and injection machines, which contain aluminum all year. For the purposes of these 

calculations, an ambient temperature of 20 °C is assumed. 

In addition to the holding tanks and chutes examined in this chapter, Chassix has a 1000 kg tank acting 

as a temporary holding tank and a crucible with 2000 kg capacity under each molding machine. The 

amount of liquid aluminum in these is controlled by the production rate. Their energy consumption 

has not been calculated in this thesis. 

The easiest way to calculate heat loss through a multi-layered wall is to imagine the wall as an electric 

network, with several resistances in series. Thermal resistance in the wall layers can be calculated as 

heat transfer by conducting, using eq. (13): 

𝑅 =
𝑥

𝑘𝐴
 

Convection and radiation on the outside wall, which is in contact with air, can be accurately calculated 

by determining the heat transfer coefficient, h. However, the combined heat transfer coefficient of 

convection and radiation can also be assumed in a reasonable range, making the calculations much 

simpler. Thermal resistance of convection and radiation can then be found according to eq. (3): 

𝑅𝑐𝑜𝑛𝑣 =
1

ℎ𝐴𝑏
 

To calculate the heat transfer without knowing the outer surface temperature, the combined heat 

transfer coefficient of convection and radiation must be assumed. Considering the heat transfer 

coefficient for convection and radiation combined outside a window with a 30 °C drop is 40 W/m*K 

[7], the number in this scenario is probably higher. However, looking at equation for convection 

resistance, eq. (3) and heat transfer through a multi layered wall, eq. (14), the coefficient has minimal 

impact on the overall heat transfer. By using a heat transfer coefficient of 70 W/m*K, the resistance 

from convection and radiation can be estimated. 

Once all thermal resistances have been determined, the heat transfer from the liquid aluminum to 

ambient air can be determined by using eq. (14): 

𝑄 =
𝑇𝑖 − 𝑇𝑗

𝑅𝑡𝑜𝑡𝑎𝑙
 

Total heat loss from holding tanks is now given by:  

𝐸𝑙𝑜𝑠𝑠 = 𝑄 ∗ ℎ 29 

3.2.3 Calculations from measurements 

To calculate the heat loss from the chutes and tanks more accurately, the surface temperature of both 

were measured. The measurements were carried out 18.04.2018 at Chassix. An infrared (IR) 

thermometer was used to measure the surface temperatures, which are shown in Table 3. Four 

temperature measurements were taken of the chute and two of the tank. The averages of these 

measurements are also shown.  
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Table 3: Temperature measurements in degrees Celsius 

 Measurement 1  Measurement 2  Measurement 3  Measurement 4    Average  

Chute 48.4 44.6 45.7 47.7 46.6 

Tank 55.0 54.0   54.5 

 

As covered in the theory chapter, heat loss always occurs in three different ways, all of which have to 

be included to create a result that is as accurate as possible. In the previous chapter, these losses were 

added together under the concept of thermal resistance. Here, however, they can be calculated 

separately because the surface temperature has been measured.  

 
Figure 13: View of a chute carrying liquid aluminum 

The first heat loss area is conduction, which is given by Eq. (1): 

𝑄𝑐𝑜𝑛𝑑 = 𝑘𝐴 (
𝑇𝑡 − 𝑇𝑠

𝐿
) 

Convection 

The values in Table 4 are necessary for the convection heat loss calculations made throughout this 

chapter. 

Table 4: Values for convection [8] 

 Value 

g  9.81 m/s2 

v  14.77*10-6 m2/s 



Energy analysis of cooling tower and metal holding tanks at Chassix 

 

23 

Pr 0.69 

k 0.0261 W/m*K 

 

To find the heat transfer coefficient, the Rayleigh number is the first necessary value. By replacing the 

Grashof number in eq. (5) with its definition in eq. (8), the following equation can be used: 

𝑅𝑎𝑥 = 𝐺𝑟𝑥𝑃𝑟 =
𝛽∆𝑇𝑔𝐿3

𝑣2 𝑃𝑟 30 

The resulting Rayleigh number found in these calculations for the tanks is 1.593*1010. This number is 

larger than the limit of Rax ≤ 109. Mills [9] provides another Nusselt number equation than eq. (10) for 

109 ≤ Rax ≤ 1012, but these equations are not clearly separated when the Rayleigh number is close to 

109. This gives eq. (10) validity even if the result overshoots the boundary slightly.  

Reference temperature: 

𝑇𝑟 = 𝑇𝑠 − 𝛼(𝑇𝑠 − 𝑇𝑒) 

This can be used to find the volumetric coefficient of gas: 

𝛽 =
1

𝑇𝑟
 

Prandtl number function value: 

Ψ = [1 + (
0.492

𝑃𝑟
)

9
16

]

−
16
9

 

The Nusselt number can then be found from eq. (10): 

𝑁𝑢𝐿 = 0.68 + 0.670(𝑅𝑎𝑥Ψ)
1
4 

With, this value eq. (11) can be used to find heat transfer coefficient:  

ℎ =
𝑘

𝐿
𝑁𝑢𝐿 

Convective heat loss from the chutes and tanks can be calculated from eq. (2), assuming the same 

ambient temperature across all surfaces.  

𝑄𝑐𝑜𝑛𝑣 = ℎ𝐴(𝑇𝑠 − 𝑇𝑠𝑢𝑟𝑟) 

Finally, radiation losses can be found from eq. (12):  

𝑄𝑒 = 𝜀𝜎𝐴𝑠(𝑇𝑠
4 − 𝑇𝑠𝑢𝑟𝑟

4 ) 

The emissivity of the tanks, which are made of steel, is assumed to be 0.80 (between polished and 

weathered stainless steel) [10]. 
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3.3 Cooling tower simulation 

3.3.1 Aspen Plus 

Aspen Plus is widely used in industry, particularly in chemical engineering [26]. It is a powerful tool to 

use when analyzing complex processes, but it requires a considerable amount of prior knowledge 

about thermodynamics, industrial devices and chemistry. Necessary background knowledge depends, 

of course, heavily upon what process you wish to create a model of and simulate in Aspen. The 

simulation presented in this thesis are of a cooling tower, which is not readily available in Aspen. 

Creating it is, therefore, a process of research and trial and error. General information about Aspen 

Plus will be presented in this chapter, as well as the process to create and run the models. 

The user can create his own process model based on a wide selection of units in Aspen Plus. As Aspen 

does not provide the process design, it is necessary for the user to first create one, and then select the 

appropriate operating conditions and thermodynamical properties. Aspen Plus will then predict the 

performance of the model using mathematical models [26].  

Several assumptions are necessary to make when setting up the model in Aspen Plus, including: 

• No heat loss from the cooling tower to surroundings 

• Pressure drop across the tower is zero 

• Steady state operations 

When building a model in Aspen Plus, choosing the correct property method will influence the accuracy 

of the results, making it an important decision. The most basic property method is IDEAL, which 

includes several underlying relationships:  

• Ideal mixing in fluid 

• Ideal activity coefficient for liquid phase 

• No intermolecular interactions and molecules are without size 

• Ideal gas EOS (Equation of State) for vapor phase 

Ideal gas EOS for vapor state means the system is following the ideal gas law [27]: 

𝑃𝑉 = 𝑛𝑅𝑇 31 

Where 

𝑃 = Pressure [Pa] 

V = Volume [m3] 

n = Amount of gas [mol] 

𝑅 = Gas constant= 8.314 [J/K*mol] 

Ideal models are suitable for mixtures with a low grade of polarity, such as paraffins, aromatics or 

ethers. A mixture can have a high degree of ideality if the polarities cancel each other out [26]. 

Eden [26] recommends the ideal gas law when the pressure in the system is low, which is the case with 

the cooling tower at Chassix. The induced draft affects the pressure difference across the tower 

slightly, but Queiroz et al [3] argued that pressure drop across the tower could be neglected when the 
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model is not being used in design. They modeled an existing induced draft, counter flow cooling tower 

in steady-state operation, which is similar to the cooling tower system considered in this thesis.  

Queiroz et al [3] also proved that with cooling towers operating at such low temperature and pressure, 

simulating the model with the IDEAL property method yielded the same output values as when using 

NRTL (Non-Random Two-Liquid), a property method for non-ideal solutions. They based this on the 

assumption that the water stream was free from impurities, as it would not have a significant impact 

on the steady-state properties [3]. 

3.3.2 Simulation 

When creating the model for the cooling tower system, the system properties had to be specified. SI 

(International System Units) was the chosen global unit. The other system property is the method 

property, which was set to IDEAL, based on the arguments of Queiroz et al [3] and Eden [26].  

When creating a new model in Aspen Plus, the program will automatically prompt the user to the next 

step. After selecting property methods, the next prompted step is to input all the necessary 

components that the model will require. In this simulation, a water stream free of impurities is 

assumed for simplicity. Figure 14 shows the components used in this simulation, water and air.  

 

Figure 14: Components 

A cut-out of the model flowsheet is shown in Figure 15. When constructing a flowsheet to represent a 

cooling tower in Aspen Plus, a replacement is necessary because there is no built-in block for cooling 

towers. The RadFrac-block is usable as a representation if certain adjustments and assumptions are 

made. In Aspen Plus, the RadFrac-block represents a distillation column, which is necessary to 

understand before proceeding with building the model.  

 

 

Figure 15: Cooling circuit flowsheet 

The cooling tower at Chassix was decommissioned during the writing of this thesis, so arbitrary values 

of 50 l/s was used for the air flow. On the other hand, the water flow in the model was based on earlier, 

steady state values at Chassix, 17.7 l/s. Figure 16 shows the top and bottom stages of the RadFrac block 
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in Aspen Plus. Water enters at stage 1 and exits at stage 6, while air enters at stage 6 and exits at stage 

1.  

 

Figure 16: Column internals 

3.3.3 Equilibrium stages 

For water, Yaws [28] provides the following Antoine constants for water within a temperature range 

of  0.01 °C to 373.98 °C: 

An  = 8.05 

Bn  = 1723.64 

Cn  = 233.08 

The Antoine constants for air, however, are very difficult to procure. Mainly because vapor pressure is 

a thermodynamic property most often used to describe liquids and their boiling points. Also, when 

using a VLE diagram in separation calculations, substances that are in liquid form at mild temperatures 

and pressures are traditionally used.  

This thesis attempts to find the Antoine constants for air by using the correlating pressures of air at 

low temperatures. Using the temperature-pressure tabulated values [29] that apply along the boiling 

curve, the boiling curve of air is created in Figure 17. 

One assumption that simplifies this process is to assume that the vapor pressure of a gas is equal to 

the normal pressure of the gas. By looking at Figure 7, It is clear that the vapor pressure increases 

beyond that of the boiling point, following the usual correlation of temperature and pressure of a gas. 

Following this assumption, the graph in Figure 17 can be used to estimate the theoretical Antoine 

constants of air. 
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Figure 17: Pressure and temperature of air at boiling curve [29] 

The problem was set up as a minimizing function in Excel. Eq. (21) was used to estimate the 

temperature based on the initial Antoine Constants: 

𝑇(𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑) =
𝐵𝑛

𝐴𝑛 − 𝑙𝑜𝑔𝑃
− 𝐶𝑛  

The difference between T(estimated) and the actual temperature, squared, in the graph was then 

added: 

𝑇(𝑑𝑖𝑓𝑓) = (𝑇(𝑎𝑐𝑡𝑢𝑎𝑙) − 𝑇(𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑))
2

(32) 

One T(diff) was calculated for each data point of temperature and summarized as the total 

temperature difference, which was finally minimized using Excel Problem Solver. The resulting Antoine 

constants for air were: 

An  = 3.91 

Bn  = 310.73 

Cn  = 273.69 

The sum of the temperature difference for these constants was 0.026, an acceptably low number.  

With the Antoine constants for both air and water available, it now becomes possible to create the 

boiling line of a water-air mixture.  

Assuming the total liquid mole fraction of water and air is 1 at all times, the mole fraction of water can 

be described as: 

𝑥𝑤 = 1 − 𝑥𝑎 (33) 

Where 

𝑥𝑤  = Liquid mole fraction of water [-] 

𝑥𝑎  = Liquid mole fraction of air [-] 
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Using eq. (17) and eq. (18), incorporated into eq. (19), the following equation is derived: 

𝑃𝑎
0𝑥𝑎 + 𝑃𝑤

0𝑥𝑤 = 1 𝑎𝑡𝑚 (34) 

Where 

𝑃𝑎
0  = Vapor pressure of pure air [atm] 

𝑃𝑤
0  = Vapor pressure of pure water [atm] 

Substituting eq. (33) for water fraction in eq. (34) gives: 

𝑃𝑎
0 ∗ 𝑥𝑎 + 𝑃𝑤

0(1 − 𝑥𝑎) = 1 𝑎𝑡𝑚 (35) 

This equation can be manipulated into expressing the air fraction: 

𝑃𝑤
0 − 1

𝑃𝑤
0 − 𝑃𝑎

0 = 𝑥𝑎 (36) 

The liquid mole fraction of air can now be used to plot the boiling line of the water-air mixture, along 

with temperature. For every temperature between the boiling points of air and water, the vapor 

pressure of air and water is calculated according to eq. (20).  

In finding the dew line of the water-air mixture, it becomes necessary to expand on the previously used 

eq. (17) and eq. (18). As it was assumed that the total amount of liquid mole fraction always equaled 

1, so can the vapor mole fraction in the vapor phase be assumed to equal 1:  

𝑣𝑎 + 𝑣𝑤 = 1 37 

Where 

𝑣𝑎  = Vapor mole fraction of air [-] 

𝑣𝑤  = Vapor mole fraction of water [-] 

With this, Raoult´s law can be expanded to accommodate the vapor phase as well, assuming that the 

vapor phase corresponds to the pressure in the gas, while the liquid phase corresponds to vapor 

pressure. eq. (17) and eq. (18) can then be expressed as [30]: 

𝑣𝑎𝑃 = 𝑥𝑎𝑝𝑎
0 38 

And 

𝑣𝑤𝑃 = 𝑥𝑤𝑝𝑤
0 39 

It is now necessary to manipulate these equations to only include the vapor mole fractions. By dividing 

by vapor pressure, the liquid mole fractions are expressed as:  

𝑣𝑎𝑃

𝑝𝑎
0 = 𝑥𝑎 40 

And 

𝑣𝑤𝑃

𝑝𝑤
0 = 𝑥𝑤 41 

Following the assumption of eq. (37), that the sum of the liquid mole fractions is 1: 

𝑥𝑎 + 𝑥𝑤 = 1 42 
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eq. (40) and eq. (41) can now be added together: 

𝑣𝑎𝑃

𝑝𝑎
0 +

𝑣𝑤𝑃

𝑝𝑤
0 = 1 43 

Making this equation pressure-explicit yields:  

𝑃 =
1

𝑣𝑎

𝑝𝑎
0 +

𝑣𝑤

𝑝𝑤
0

44 

As with the boiling line, constant pressure of 1 atm is assumed. This turns eq. (44) into:  

𝑣𝑎

𝑝𝑎
0 +

𝑣𝑤

𝑝𝑤
0 = 1 45 

To plot the mole fractions, it is necessary to create an equation that expresses either air or water mole 

fraction. Using eq. (37), water vapor mole fraction can be described as:  

𝑣𝑤 = 1 − 𝑣𝑎 46 

This can be inserted into eq. (45): 

𝑣𝑎

𝑝𝑎
0 +

(1 − 𝑣𝑎)

𝑝𝑤
0 = 1 47 

To have this equation express vapor air mole fraction, all components must be multiplied by 𝑝𝑎
0𝑝𝑤

0 : 

𝑣𝑎

𝑝𝑎
0 ∗ 𝑝𝑎

0𝑝𝑤
0 +

(1 − 𝑣𝑎)

𝑝𝑤
0 ∗ 𝑝𝑎

0𝑝𝑤
0 = 1 ∗ 𝑝𝑎

0𝑝𝑤
0 48 

This gives: 

𝑣𝑎𝑝𝑤
0 + (1 − 𝑣𝑎) ∗ 𝑝𝑎

0 = 𝑝𝑎
0𝑝𝑤

0 49 

By manipulating this equation, it eventually expresses vapor air mole fraction as: 

𝑣𝑎 =
𝑝𝑎

0𝑝𝑤
0 − 𝑝𝑎

0

𝑝𝑤
0 − 𝑝𝑎

0 50 

The Antoine constants for water used in calculating the boiling line are still valid here, as the 

temperature range is the same. The Antoine constants for air, however, were based on the 

temperature-pressure relationship along the boiling curve. To create more accurate constants for the 

dew line, the temperature-pressure relationship along the condensing line [29] for air is used. Figure 

18 shows this information. 
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Figure 18: Pressure and temperature of air at condensing curve [29] 

Similar to finding the Antoine constants for air at the boiling curve, Excel Problem Solver is used to 

minimize the difference between the tabulated temperature and the temperature given by eq. (21). 

The calculated Antoine constants are: 

An  = 4.06 

Bn  = 328.12 

Cn  = 272.21  

As with creating the bubble line, eq. (20) was used to find vapor pressure of air and water across the 

temperature range. In addition, eq. (50) described the air vapor mole fraction, which was plotted with 

the temperature to create the dew line.  

The VLE diagram of the air-water mixture can now be created according to the McCabe-Thiele method 

in the Theory chapter. Using the resulting diagram, however, will not follow the same approach 

because the graph does not follow a curved line. The VLE diagram will be presented in the Results and 

analysis chapter.  
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4. Results and analysis 

4.2 Heat loss 

4.2.1 Calculations from assumptions 

Thermal resistance breakdown for holding tanks and chutes is shown in Table 5. These numbers are 

based on eq. (13).  

Table 5: Thermal resistances 

 Thermal resistance, wall [K/W] Thermal resistance, convection 

and radiation [K/W] 

Tanks 0.0396 2.863*10-4 

Chutes 0.0136 2.242*10-4 

 

Using the thermal resistance values, total heat loss for all three tanks and all 150 meters of chute is 

calculated from eq. (14). The result is shown in Figure 19. The combined heat loss is 69.14 kW. 

 

Figure 19: Heat loss from assumptions 

4.2.2 Calculations from measurements 

The values of the resulting heat transfer coefficients used in the heat loss calculations is shown in Table 

6. 

17,79

51,35

Heat loss [kW]

Tanks Chutes
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Table 6: Heat transfer coefficients 

 Tanks Chutes 

Heat transfer coefficient [W/m2*K] 2.87 4.03 

 

Heat loss from the tanks based on the measured surface temperatures is shown in Figure 20, broken 

into conduction, convection and radiation. Conduction is undoubtedly the most significant source of 

heat loss with 63 %, while convection and radiation each account for about the same amount of heat 

loss.      

 

Figure 20: Heat loss from tanks based on measurements 

Figure 21 shows how each type of heat loss relates to the surface temperature of the tanks. The 

conduction heat loss decreases as the surface temperature increases because the temperature 

difference between the inside and outside of the tank decreases.  

The convection increases, but not linearly, because the Rayleigh number is dependent on both the 

temperature difference between surface and ambient temperature, as well the inverse of reference 

temperature. The inverse of reference temperature will cause the total convection heat loss to 

decrease with increases surface temperature, but not as much as the surface and ambient 

temperature increases.  

Radiation is the type of heat loss that increases the most with increased surface temperature. As with 

conduction, there is only one variable, the surface temperature. The difference to conduction, 

however, is that the temperature difference increases. As the surface temperature is the only variable, 

and increases to the power of four, it can be seen from the Figure 21 that radiation increases more 

rapidly than convection. The emissivity constant varies widely for different materials, even for different 

types of steel, which the tank and chute surfaces are made of. The emissivity constant for the 

17,93

4,93

5,63

Heat loss from tanks [kW]
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calculation in this thesis was assumed to be between polished stainless steel and weathered stainless 

steel [10]. With different surface materials, the heat loss form radiation can change drastically. New 

galvanized steel, for instance, has an emissivity constant of 0.23, which would make radiation only 

cause 36.2 % of the heat loss with the current emissivity value of 0.8.  

 

Figure 21: Heat loss from tanks based on surface temperature 

The heat loss breakdown for the chutes can be seen in Figure 22. As with the tanks, conduction is the 

largest source of heat loss with 76 % of the total. The conductive heat loss from chutes is 2.8 times as 

high as for the tanks, which is significantly more than for convection and radiation, 1.4 and 1.57 

respectively. This considerable difference comes mainly from the thinner walls of the chutes, 13 cm 

compared to the 40 cm of the tanks.  

 

Figure 22: Heat loss from chutes based on measurements 
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How the different types of heat loss changes with increased surface temperature is shown in Figure 

23. They follow the same trends as heat loss for the tanks.  

 

Figure 23: Heat loss from chutes based on surface temperature 

How the heat loss is distributed between the tanks and chutes is shown in Figure 24. The total is 94.48 

kW, of which tanks make up 30 % of the heat loss, while the chutes account for 70 %. This is close to 

the same distribution in the calculations based on assumptions, where there is a 26 % to 74 % split 

between tanks and chutes.  

 

Figure 24: Heat loss from tanks and chutes 

Total heat loss over a year is shown in Figure 25, with the heat loss from measurements broken down 

into its components. The combined heat loss based on measurements is 827.64 MWh, which is 36.65 

% more than heat loss calculated with only thermal resistance at 605.65 MWh. It is difficult to say 
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which type of heat loss differs the most between the two methods, because thermal resistance without 

surface temperature only finds the total heat loss.  

 

Figure 25: Heat loss from assumptions and measurements 

With the energy lost through heat loss calculated in this thesis, as well as information gathered in the 

research project, mapped energy flow throughout different areas at Chassix is illustrated in Figure 26. 

The amount of electricity that makes up the entire flow is not the whole electricity consumption of 

Chassix, which was 24119 in 2016 [5]. 
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Figure 26: Sankey diagram of energy flow in MWh 
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4.3 Cooling tower simulation 

4.3.1 Equilibrium stages 

Figure 27 shows how the boiling line represents the mole fractions of water and air that is necessary 

to continually keep the vapor pressure at the surrounding pressure of 1 atm.  

 

Figure 27: Boiling line of water-air mixture 

The calculations and reasoning to find the dew line and bubble line for an air-water mixture yielded 

the graph in Figure 28. The two components have widely different boiling points, which is represented 

in the graph.  

 

Figure 28: Txy diagram for air-water mixture 

Once the Txy diagram for the water-air mixture is available, it is a simple process to create the VLE 

diagram. Figure 29 shows the VLE diagram made from the Txy diagram in Figure 28. The blue line shows 

the mole fractions of water and air in both liquid and vapor phase. For a VLE diagram, the further the 
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blue line is from the x-y line, the greater separation is achieved. For air and water, this shows clearly 

how difficult the two are to mix.  

The VLE diagram is necessary to use the McCabe-Thiele method of finding equilibrium stages. 

However, when the graph is created, the vapor-liquid line closely hugs the vertical line. As the McCabe-

Thiele steps off the line to count the number of stages, a line that moves closer and closer to the 

angular line in Figure 29, will have less and less stages. In theory, this means that the number stages 

become 1. This value is not usable in the simulation, which is why a number based on the results from 

Queiroz et al [3] was used.    

 

Figure 29: VLE diagram 

4.3.2 Simulation 

Table 7 shows the temperatures and mass flows of inputs and outputs of the RadFrac block. Air and 

water inputs are set values while outputs are calculated by Aspen Plus. As is evident from the output 

streams, the model is not running as intended. The actual water output at Chassix under these steady 

state conditions is 24 °C. 

Additionally, the air flow out is not the same value as air flow in. In a cooling tower, all air flow that 

enters the tower exits through the output flow. Seeing that the input and output of air flow are not 

equal suggests the fact that the model does not run as expected.  

Table 7: Stream results of the simulation 

 Air in Air out Water in Water out 

Temperature [°C] 15 32.0361 32 31.9558 
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Mass flow [kg/hr] 217.51 105.354 62903.04 63015.20 

 

Table 8 shows the values Quieros et al [3] got from their model in Aspen Plus. These values show how 

the RadFrac block in Aspen Plus has the ability to act as a Cooling tower, to the extent that the water 

is cooled down by the evaporation of water and not only as a heat exchanger. Comparing this to the 

values in this thesis it is clear that the model has some differences that does not enable it to act as a 

cooling tower.  

Table 8: Flow values from article [3] 

 Air in Water in Water out 

Temperature [°C] 17.45 28.46 22.87 

 

Temperature across all stages of the column is shown in Figure 30. The rate the temperature decreases 

is relatively constant from the first through fifth stages, where it drops drastically to the last stage. The 

drastic loss to the last stage is probably a result of air inlet and water outlet meeting there. Air is pulled 

in from the bottom of the column, stage 6, and exits at the top, on stage 1. Since water travels in the 

opposite direction through the tower, from 1 to 6, fresh air will meet water at the last stage. Because 

the air inlet is set to 15 °C, the temperature difference becomes much larger on this stage than on the 

rest. Vapor temperature across all the stages is listed in Table 9. These numbers show that the vapor 

temperature instantly assimilates to that of the liquid in the tower.  

 

Figure 30: Temperature across stages 

Table 9: Vapor and liquid temperature across stages 

Stage Vapor temperature [°C] Liquid temperature [°C] 

1 32.0337 32.0361 

2 32.0326 32.0337 
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3 32.032 32.0326 

4 32.0321 32.032 

5 31.9558 32.0321 

6 15 31.9558 

 

Basic heat transfer calculations based on heat capacity shows that the liquid releases 5.648 kW over 

the last stage, while air absorbs 1.088 kW. This shows that the calculations of the model in Aspen Plus 

does not function even as a heat exchanger, much less a cooling tower. Figure 31 shows how the 

compositions remain constant throughout all stages, indicating that the model did not account for the 

evaporation of liquid in the column.  

 

Figure 31: Composition of water and air across stages 
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5. Discussion 

Both methods of calculating heat transfer were based on the initial insulation assumptions and 

subsequent heat transfer coefficients. These numbers were derived from the guesses at insulation 

composition. Fiber insulation has a much larger capacity for insulation, with its coefficient of 0.04 

W/m*K compared to the coefficient for firebrick, 0.3 W/m*K. How much of the walls are made up 

of fiber insulation could greatly influence the resulting heat loss, but without knowing the accurate 

composition of the walls, this will be a significant uncertainty in the accuracy of the results.  

Generalized heat transfer coefficients for convection varies from 6 to 30 W/m2*K. When 

comparing this to the resulting coefficient calculated in this thesis, approximately 3 W/m2*K for 

the tanks and 4 W/m2*K for the chutes, this range would have been insufficient. This difference 

may arise from how the generalized coefficient range assumes that there is some natural draft. 

The tanks and chutes considered in this thesis are inside, without natural draft, which means that 

the only convective heat losses come from the movements created by the temperature difference. 

Because the temperature differences are in the area of only 25 – 40 °C, this likely causes such low 

coefficients.  

The distribution of heat loss between tanks and chutes is fairly similar for calculations done both 

before and after measurements, with 4 % less for chutes and 4 % more for tanks in measurement 

calculations. The total heat loss, displayed in figure 25, shows that the heat loss from 

measurements is 36,65 % higher than calculations done before them. It is fair to assume that this 

number is the most accurate, since there were less assumed variables. Nevertheless, using thermal 

resistances to calculate heat loss without knowing surface temperature can provide answers that 

are in the same area as the actual heat loss, but will have a significantly higher degree of 

uncertainty.  

Finding the Antoine constants for air was an uncertain process relying on several assumptions. 

Assuming that the vapor pressure of a gas is equal to the normal pressure is a thermodynamical 

assumption that is by no means supported or explored, but rather a leap of faith following the idea 

that the pressure naturally goes from one to the other when a liquid evaporates. An alternative 

could have been to use the ideal gas law to calculate the pressure in the gas state, but early 

calculations showed that the resulting numbers were not in accordance with tabulated values for 

the relevant temperature ranges.   

Antoine constants for air were found for both boiling line and dew line. On the other hand, water 

was only represented by the Antoine constants valid from 0.01 °C to 373.98 °C. Using more sets of 

constants for other temperature ranges would have increased the accuracy of the VLE diagram 

that was produced.  

The results from the simulation in Aspen Plus were not reasonable, and clearly showed that the 

internal mathematical models in the program did not produce the expected results. Of course, the 

model block, RadFrac, is intended for use as a distillation column, not a cooling tower. This shows 

that more experimentation in Aspen Plus was necessary before the model could be run 

successfully, operating as a cooling tower.  

The difference in air flow input and output is significant, 112.15 kg/hr. One explanation could be 

that parts of the vapor in the air condenses in the RadFrac block, considering that the output of 
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water is higher than the input. However, the differences do not add up when comparing the 

amount of air that is missing, to the added water that exits the block.  

Even though there was one earlier example of the RadFrac block functioning as a cooling tower, 

there are possibly several aspects of the model that needed to be adjusted for it to run in the 

intended manner, which were not uncovered during the work on this thesis. In hindsight, a 

program with built-in blocks and functions aimed at the operation of a cooling tower would have 

been easier to use if only an assessment of the operation was relevant.  

In the future, solutions to the limitations encountered in this thesis could include: choosing a thesis 

with a well thought-out and specific problem and ensuring that the relevant company and contact 

persons have the opportunity to provide sufficient support.  



Energy analysis of cooling tower and metal holding tanks at Chassix 

 

43 

6. Conclusion 

Heat loss from the tanks and chutes at Chassix was estimated using two different methods, thermal 

resistance and calculated conductive, convective and radiative heat loss with surface temperature 

measurements. The method based on thermal resistance yielded a heat loss of 61.14 kW in total, which 

amounts to 605.65 MWh over one year. Calculations using the surface temperature produced a heat 

loss of 94.48 kW, which accumulates to 827.64 MWh over one year, 36.65 % more than the result 

without measurements. The results from surface temperature measurements are the most accurate 

because it is based on fewer assumptions.  

A VLE diagram of air and water was created with the intention of using the McCabe-Thiele method to 

find the number of equilibrium stages in the cooling tower at Chassix. However, it was not reasonable 

to use the McCabe-Thiele method on the VLE diagram in this thesis. As an alternative, a reasonable 

number of equilibrium stages based on a published article was used.  

A model of the cooling tower was created in Aspen Plus, using the RadFrac block, which represents a 

distillation column. After simulations, it was clear the model did not run as a cooling tower, nor did it 

produce any valid results.  

Even if the work done in this thesis proved insufficient to simulate a cooling tower in Aspen Plus, it is 

not unreasonable that the model could function, but there needs to be a more explicit approach with 

a well explained method.  
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7. Recommendations 

If it becomes relevant for Chassix to reduce the heat loss from the metal holding tanks and chutes, 

improving insulation would help. As the breakdown of insulation is assumed, the ratio of firebrick and 

fiber should first be checked. Because fiber has a much lower heat transfer coefficient, increasing the 

thickness of that layer would reduce heat loss. Having a surface material with lower emissivity would 

also reduce heat loss substantially, considering regular steel has more than 10 times lower emissivity 

than stainless steel. 

Performing a successful energy analysis on a cooling tower using Aspen Plus has been performed 

before, with a different approach than in this thesis presented. More effort needs to be put towards 

creating a systematic and orderly method for Aspen Plus to be a feasible option when analyzing cooling 

tower performance.  
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9. Appendices 

9.2 Heat loss calculations for tanks 
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9.3 Heat loss calculations for chutes 

 

9.4 Antoine constants for air along boiling line 

 

Rayleigh Surface tempRef temp Surf temp © Beta Nusselt H coefficient Convection Radiation Conduction Total

70856975,7 313,15 303,15 40 0,0032987 47,7092347 3,82083776 4,86927564 6,44887315 50,6973524 62,0155012

87846769,9 318,15 305,65 45 0,00327172 50,3053643 4,02875118 6,41780062 8,26699686 50,3299004 65,0146979

104560890 323,15 308,15 50 0,00324517 52,5139824 4,20563038 8,03948303 10,1728917 49,9624484 68,1748232

121005992 328,15 310,65 55 0,00321906 54,4418219 4,36002317 9,72372367 12,1693381 49,5949964 71,4880582

137188518 333,15 313,15 60 0,00319336 56,1555606 4,49726951 11,4626405 14,2591597 49,2275444 74,9493447

153114707 338,15 315,65 65 0,00316807 57,6999045 4,6209497 13,2501112 16,4452236 48,8600924 78,5554273

168790603 343,15 318,15 70 0,00314317 59,1064266 4,73359231 15,0812251 18,7304403 48,4926404 82,3043058

184222060 348,15 320,65 75 0,00311867 60,3983318 4,83705572 16,9519455 21,1177634 48,1251884 86,1948974

199414750 353,15 323,15 80 0,00309454 61,5932229 4,93274967 18,8588885 23,6101902 47,7577364 90,2268152

214374174 358,15 325,65 85 0,00307078 62,7048003 5,02177136 20,7991726 26,2107612 47,3902844 94,4002183

229105661 363,15 328,15 90 0,00304739 63,7439565 5,10499314 22,7703114 28,9225601 47,0228324 98,715704

243614383 368,15 330,65 95 0,00302435 64,7195085 5,18312112 24,7701358 31,7487143 46,6553804 103,174231

257905354 373,15 333,15 100 0,00300165 65,6387035 5,25673569 26,7967358 34,6923941 46,2879284 107,777058

271983440 378,15 335,65 105 0,00297929 66,5075777 5,32632028 28,8484159 37,7568137 45,9204764 112,525706

285853363 383,15 338,15 110 0,00295727 67,3312172 5,3922822 30,92366 40,9452302 45,5530244 117,421915

299519706 388,15 340,65 115 0,00293556 68,1139514 5,45496819 33,0211044 44,2609442 45,1855724 122,467621

Air(boiling)

TemperaturePressure T(estimert) T(diff)

-208,15 0,1468 -208,22131 0,00508465

-203,15 0,3234 -203,12101 0,00084061

-193,15 1,146 -193,05929 0,0082276

-183,15 3,036 -183,11433 0,00127252

-173,15 6,621 -173,19457 0,00198626

-163,15 12,59 -163,22287 0,00531032

-153,15 21,61 -153,16978 0,00039128

-143,15 34,16 -143,09679 0,00283088

Antoine Constants Sum T(diff) 0,02594413

A 3,91289728

B 310,735972

C 273,692179
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9.5 Antoine constants for air along condensing line  

 

Air(condensing)

TemperaturePressure T(estimert) T(diff)

-208,15 0,08613 -208,20738 0,00329292

-203,15 0,2052 -203,12581 0,00058537

-193,15 0,8245 -193,05808 0,00844959

-183,15 2,397 -183,09289 0,00326101

-173,15 5,599 -173,18195 0,00102095

-163,15 11,22 -163,25383 0,01078014

-153,15 20,14 -153,21351 0,00403337

-143,15 33,2 -143,04378 0,0112829

Antoine Constants Sum T(diff) 0,04270624

A 4,06134455

B 328,127822

C 272,217461


