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Abstract  

The purpose of the present study is to investigate the effect of atmospheric conditions on the 

temperature drop across heat treatment systems (piping and vessels). Due to the economy and 

power energy consumption, it has become necessary for Isegen SA (Pty) Ltd to conduct a 

numerical analysis on heat transfer since they are unable to predict and quantify heat energy 

losses in the steam reticulation systems. These losses occur due to the fact that there is no 

proper methodology to effectively predict heat energy losses in heating processes. When a 

steam pipeline is at a higher temperature than the air surrounding it, heat will pass through the 

wall of the pipeline from the steam to the surrounding air. This heat loss may cause the 

temperature of the steam to fall and the boiler efficiency decreases because the boiler requires 

more gas to maintain the plant steam required. 

Steam savings are very vital for Isegen SA (Pty) Ltd as most of the heating systems that they 

utilize are a direct steam injection. This means a large quantity of the sensible heat energy of 

the steam distributed into the factory is not recovered. Therefore, a numerical analysis was 

developed in order to investigate heat energy losses and steam consumption, while flowing 

through the insulated steam pipeline depending on the ambient and operational temperatures. 

The study proved that there is a heat energy loss as well as a temperature loss during the steam 

transportation through the insulated steam pipeline after conducting the numerical analysis. 

The thickness conduction resistance was obtained for thermal insulation complying with the 

required standards. The methodology involved the use of application of Excel spreadsheet to 

develop a theoretical model of the problem. The obtained model allowed us to get the required 

solution of the problem and calculate the heat loss for different thicknesses of the pipe’s 

insulation. The application of Excel spreadsheet steady state thermal method was used for 

obtaining the value of heat loss of steam at a critical thickness of insulation. 

After conducting the cost analysis, it has been found that Isegen SA (Pty) Ltd could save 

between one to two million Rands per year in fuel. The cost analysis conducted is based on the 

steam cost and heat energy losses. This study showed that steam waste is costly in both an 

environmental and financial sense. Therefore, this required prompt attention in order to ensure 

that the steam system is working at its optimum efficiency with minimal impact on the 

environment. This study was acknowledged by the Isegen SA (Pty) Ltd management, and a 

new technological process is to be implemented (see Appendix R for the relevant documents).  
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Preface  

This dissertation contains eight chapters and ten appendixes. Chapter one starts with the 

introduction continues further to briefly discuss the history of Isegen SA (Pty) Ltd and the aim 

and objectives of the study. The study focused on the interaction between the various energy 

systems and the surrounding environment to predict the rate of heat loss and to develop 

strategies to minimize the heat losses. The problem statement and broad solution of the study 

were also included and discussed in this chapter.  

Chapter two reviews the available works of literature on heat transfer and temperature drop 

correlations for the insulated steam pipeline. In this chapter, eight paragraphs are presented of 

the literature survey covering the convection heat transfer; theory background; heat transfer 

experimental methods; radiation modelling; heat energy transfer in the pipeline; optimum 

thermal design of steam pipelines; heat transfer engineering and summary of heat transfer 

theory. In chapter three, the significant background was given on the description of steam 

supply systems, boiler descriptions, the distribution and end-users, condensate return and how 

system performance was determined. The chapter continued further to discuss the importance 

of steam quality and best practice guidelines. This chapter provides an understanding of the 

steam distribution and its uses in the manufacturing process. In order to achieve the main 

objectives of the study, one must understand the manufacturing process well and the required 

operational characteristics of the steam. 

To be able to use the simulations with confidence, verification and validation are necessary. 

Thus, is the subject of chapter four. This chapter investigates heat energy losses and steam 

consumption while flowing through the insulated long-distance pipeline. This study aims to 

present a basic application of heat energy required and heat losses during the steam supply to 

the process plant. The numerical analysis was conducted to investigate the heat energy losses 

and steam consumption while flowing through the insulated pipeline from the ambient 

temperature to the operational temperature. The results of these developments and user aspects 

regarding simulation results recovery, and exemplifies the need for the tools presented in this 

thesis by showing their application both in modelling orientated context and in theoretical 

calculations engineering context. The calculated heat transfer coefficient and heat loss are 

compared to the existing models. The company needed to use appropriate methods to reduce 

the heat loss, taking into account all the parameters that impact the energy cost. 
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Chapter five is about the experimental study work that was conducted during the research. The 

experimentation purpose was to discover new unknown phenomenal or for validation purpose, 

and simulation to understand interactions of the known components of a system. In the current 

context, modelling and simulation are thus used for predictions to assist in solving the real-

world problem by taking into account all the parameters that impact the energy cost fuel, 

condensation, power generation. It will eventually reduce the fuel costs, the emission 

surcharges as well as maximize the process efficiency. A number of experiments have been 

conducted under similar conditions to obtain the average and reliable results. This elaborated 

further in this chapter, also identified those parts of this existing platform that needed further 

developments because of the subject of the present study. The results of these developments 

are described in chapter five which concerns the technical aspects of condensate removal, along 

with suggestions on how to improve the current work practice at Isegen SA. Insulating the 

condensate lines reduces heat loss from the water returning to the boiler and savings in fuel 

consumption. Further, it reduces radiation energy transfer and thus contributes to a drop in the 

surrounding temperature in the workplace.  

In chapter six cost analysis of heat energy loss and production lost were presented. The cost 

analysis was conducted based on the production lost due to inefficient operation of the steam 

trace lines which use the steam supplied by the steam system and heat energy losses. The study 

proved that it is necessary for Isegen to implement this study to save fuel consumption and 

production lost and also steam usage. 

Finally, chapter seven described conclusions that may be drawn from the present work and 

indicated possible directions for future research.   
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NOMENCLATURE 
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Chapter One 

1. Introduction  

In this chapter, the theory of steam plant technologies and their operating principles, as well as 

a description of the heat and heat transfer in their steam pipelines, is introduced. Steam has 

come a long way from its traditional associations with locomotives and the industrial revolution. 

Today, Steam is an integral part of modern technology. Steam has a huge role in our food, textile, 

chemical, medical, power, heating, and transport industries. They could not exist or perform as 

they do without it. Steam provides a means of transporting controllable amounts of energy from 

a central, often automated, boiler house, where it can be efficiently and economically generated 

and transported to the point of use. Therefore, as steam moves around a plant, it can equally be 

considered to be the transport and provision of energy. For many reasons, steam is one of the 

most widely used substances for conveying heat energy. Its use is popular throughout the 

industry for a broad range of tasks from mechanical power production to space heating and 

process applications. 

The use of thermal energy typically required as a heating source for process fluid heat 

exchangers, reboilers, reactors, combustion air preheaters, and other types of heat transfer 

equipment. Saturated steam is often used as a source of thermal energy. The pipeline plays a 

role in conveying steam from the boiler to the process continuously. Since pipeline systems are 

complex and the ambient environment is highly variable, quickly determining the heat loss of a 

pipeline system is a difficult problem for engineers and pipe network designers. Yang (2009) 

stated that, firstly, the pipeline structure and the mass flow distribution influence significantly on 

the convection heat transfer inside the pipeline. Secondly, the pipe material, the cladding 

material, and the insulation have great effects on the heat conduction inside the pipe wall. 

Thirdly, the variable environmental parameters are challenges to the analysis of convection heat 

transfer outside the pipeline. Therefore, the heat transfer through the pipeline system is an 

interesting and also challenging situation. 
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Water can exist in the form of a solid, liquid, or gas. The focus will be largely on the liquid and gas 

phases and changes that occur during the transition between these two. Steam is the vaporized 

state of water which contains heat energy intended for transfer into a variety of processes such 

as air heating and vaporizing liquids in refining processes. 

In the early days reciprocating steam engines and most locomotives were designed to operate 

on an open cycle where the exhaust steam was discharged to the atmosphere. This necessitated 

an adequate supply of fresh water. Impurities in the water accumulated in the boiler during the 

steam generating process and some form of water treatment in the boiler or prior to the water 

entering the boiler were required. If, however, the exhaust steam was condensed and reused, a 

substantial benefit was obtained from the expansion of the steam down to vacuum conditions in 

a condenser leading to improved efficiency. This cycle of boiling, expansion, condensation, and 

return to the boiler is commonly known as the Rankine Cycle (Hung et al. 1997).  

Steam generators, typically boilers, generally operate within such a thermodynamic cycle, with 

work produced by the expansion of steam from a high pressure to low pressure. After 

condensation, some work is required to pump the water back into the boiler. The work required 

in pumping the liquid against the pressure difference is considerably less than the work produced 

by the steam in expanding across the same pressure difference. The prime energy input to the 

cycle is that required to generate steam from water. Heat energy is added to the boiler and heat 

is rejected when the steam is condensed to water.  

Isegen SA (Pty) Ltd is the sole manufacturer of Food Acidulants, Phthalic and Maleic 

Anhydrides (PA and MA), and Plasticisers in South Africa. Isegen SA (Pty) Ltd are unable to predict 

and quantify heat energy losses in the steam reticulation systems. It is a necessity to develop a 

heat loss evaluation system that will predict and quantify heat energy losses for various 

atmospheric weather conditions and insulation inefficiencies. The methodology that will be 

conducted uses the numerical heat transfer analysis (force-free convections, enhanced 

convective cooling and heat flow resistance via heat transfer mechanisms). 



 

 
3 

 

1.1 Aim and Objective 

In particular, research is focused on the interaction between the various energy systems and the 

surrounding environment, in order to predict the rate of heat loss and to develop strategies to 

minimize them. 

The main objectives of the thesis are summarized below: 

▪ To develop a heat transfer evaluation system that will predict and quantify heat losses for 

various conditions (weather change and insulation inefficiency). 

▪ Develop techniques to determine heat losses in a steam pipeline in order to predict and 

minimize heat losses. 

1.2 Company History  

Isegen SA (Pty) Ltd is the sole manufacturer of Food Acidulants, Phthalic and Maleic Anhydrides 

(PA and MA, respectively), as well as Plasticisers in South Africa. Isegen SA’s operations extend 

over three manufacturing sites – two of which are located in Durban (more specifically: Isipingo 

and Umgeni) and the third in Germiston near Johannesburg. The Head Office is on location at the 

Isipingo site which is conveniently situated next to the South Durban petrochemical complex. It 

is close to the Durban export harbour, which is the largest in Africa. Isegen SA (Pty) Ltd has a long 

history in the manufacture and marketing of Food Acids dating back to 1974. The Food Acid plant 

uses in-house MA which is derived from butane supplied by the refinery situated next door to 

produce Malic Acid and Fumaric Acid and is now the most integrated Food Acids manufacturer 

anywhere in the world. This enables the company to benefit from many synergies by being on 

the same site as the MA plant; such as the use of steam generated from the exothermic oxidation 

reaction of MA to drive the Food Acidulants plant. In addition, steam is also supplied by the PA 

plant. A range of Food Acidulants are manufactured, most of which have unique characteristics 

or properties. Isegen SA (Pty) Ltd is the only company known worldwide to have perfected the 

granulation of these acidulants. Some of these products have been patented and trademarked 

around the world. The manufacture of Plasticisers in South Africa dates back to the 1950's. Esters 

produced from PA and Adipic acid, are supplied to the South African PVC Industry. Recent 
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initiatives have been undertaken to ensure that the plants are world-class with respect to quality. 

The manufacture of PA in South Africa, dates back to the 1950's, and the manufacture of MA was 

started in the 1980's. PA and MA are supplied to the Alkyd Resin and Unsaturated Polyester Resin 

Markets in South Africa. Recent initiatives have been undertaken to expand the capacity of the 

plants and ensure that the plants are world-class, with respect to quality and raw material 

conversion. 

1.2.1 General 

The Company is accredited with both ISO 14000 and ISO 9001:2008. Furthermore, the Company 

subscribes to the Black Empowerment and the Employment Equity initiatives of the South African 

government. The company has been fully accepted as a member of the Proudly South 

African campaign. ISO 22000:2005 has been implemented in the Food Acids plant. The food acids 

comply with the FCC6, National Formulary, and BP specifications and comply with Kosher and 

with Halaal certification requirements. World-class manufacturing procedures are employed and 

stringent Environment Health and Safety protocols are adhered to at Isegen SA (Pty) Ltd, where 

people, customers, suppliers and the environment are treated as paramount. Isegen SA (Pty) Ltd 

has already achieved a number of world firsts, such as the only commercial production 

of granular Malic Acid globally. 

1.3 Problem Statement 

Due to the economy and power energy consumption, it has become necessary for Isegen SA (Pty) 

Ltd to conduct a numerical analysis on heat transfer since they are unable to predict and quantify 

heat energy losses in the steam reticulation systems. These losses occur due to the fact that there 

is no proper methodology to effectively predict heat energy losses in heating processes. 

Therefore, when a steam pipeline is at a higher temperature than the air surrounding it, heat will 

pass through the wall of the pipeline from the steam to the surrounding air, this heat loss may 

cause the temperature of the steam to fall. According to Isegen SA (Pty) Ltd, it is estimated that 

approximately 20% of heat energy is lost in every heat transfer system. This is very energy 

http://www.isegen.co.za/Content/aboutus/aboutus.html#req
http://www.isegen.co.za/Content/aboutus/aboutus.html#req
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inefficient and costly to the business due to the lost production of steam as there is no proven 

specific methodology to quantify the efficiency. 

The aim of this study is to investigate the effect of atmospheric conditions on the temperature 

drop across heat treatment systems (piping and vessels). Isegen SA (Pty) Ltd is a chemical industry 

that manufactures different types of acids. The factory uses water-tube boilers to generate steam 

that is utilized to warm up various equipment and to produce products such as Malic acid. 

However, the current system is not energy efficient because of the severe heat energy losses that 

occur across the steam pipeline. These heat losses occur due to the inefficient insulation and 

varying atmospheric conditions. Furthermore, the pipelines that supply the product experience 

blockages, since the steam tracing system is not effective. Isegen SA (Pty) Ltd is currently unable 

to predict and quantify the heat loss across the steam reticulation system. Therefore, the boiler 

input (energy) does not account for the heat losses that occur across the steam reticulation 

system.  

1.4 Broad Solution 

The objectives of this study are: 

1.4.1 To develop a heat transfer evaluation system that will predict and quantify 

heat losses for various conditions (weather change and insulation inefficiency). 

The numerical analysis was carried out to investigate heat energy losses and the steam 

consumption while flowing through the insulated long-distance pipeline from the ambient 

temperature to the operational temperature. Accurately determining steam costs is important 

for monitoring and managing energy use in a plant, for evaluating proposed design changes to 

the generation/distribution process itself, and for continuing to identify competitive advantages 

through plant efficiency improvements. Steam costs are highly dependent on the path that steam 

follows in the generation and distribution system. Based on the numerical predictions, a 

significant difference was found between the analysed required steam consumption and heat 

energy losses while flowing through the insulated long-distance pipeline.  
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The effect of thermal insulation conditions on the heat losses taking place at Isegen SA (Pty) Ltd 

steam pipeline network was studied. This was done by quantifying the magnitude of such losses 

and their comparison with the overall energy losses taking place during the steam transport from 

the boiler house to the process area. The appropriate analysis for the experimental 

measurements led to obtaining the condensation heat transfer coefficient and heat losses in a 

thermal system’s different operating parameters. The study was based on the results of a field 

inventory of the conditions of the pipelines thermal insulation. 

According to the field inventory, only 18 − 20% of the pipeline network’s length has proper 

insulation that is of good quality (from regular to very bad condition); they are, however, 

responsible for nearly half of the heat losses. The improvement of the efficiency of the steam 

transportation system (i.e. the reduction of heat losses) is an area that needs attention. 

1.4.2 Develop techniques to determine heat losses in a steam pipeline in order 

to predict and minimize heat losses. 

Based on heat transfer theory, a theoretical model was established using the application of Excel 

spreadsheet. The model was developed for assessment of the heat loss of pipeline systems. The 

software can obtain results with acceptable accuracy as the comparison between software and 

numerical evaluation shows reasonable agreement. It also has a user-friendly interface, which 

ensures the easy use for both engineers and other competent personnel who do not have a 

thermodynamics background. In summary, the model not only provides an easy way for fast 

assessment of the heat loss, but also offers a useful tool for the optimal design and energy saving 

analysis of pipeline systems.  
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Chapter Two 

2. Literature Review 

This chapter provides a critical review of the current knowledge published including substantive 

findings through summary, classification, and comparison of prior research studies and 

theoretical articles. The main purpose of this literature review is to develop an understanding of 

the topic at hand through previous work done on the heating treatment of metals. The scope of 

this chapter includes convection heat transfer, heat treatment and experimental methods on 

metals, radiation model as well as the heat energy transfer in the pipeline. 

2.1 Convection Heat Transfer  

The numerical solution of heat transfers and other related processes were made possible when 

the laws governing these processes had been expressed in a mathematical form. This is generally 

in terms of differential equations.  In 1701 a review of the background of “Newton’s Law of 

Cooling” led to the conclusion that it is appropriate to credit Newton with the concept of the 

convective heat transfer coefficient (HTC). Furthermore, because his early experiments with heat 

were eluded to in the Principia, the 300𝑡ℎ  anniversary of this volume should honour him as a 

pioneer in heat transfer as well as in solid and fluid mechanics. Isaac Newton is widely credited 

with the convective heat transfer coefficient equation (Cheng and Schulenberg, 2001).  

 

                                                    𝑄̇ = ℎ𝐴(𝑡2 −  𝑡1)                                                                              (1.1)                                                                                             

2.2 Theory background  

The process of heat exchange between two fluids that are at different temperatures and 

separated by a solid wall occurs in many engineering applications. The device used to implement 

this exchange is called a heat exchanger, and specific applications may be found in the sounding 

area of heating and air conditioning, power production, waste heat recovery, and chemical 

processing. According to Kraus (2011), the flow of heat from the fluid through a solid wall to 
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another fluid is also often encountered in chemical engineering practice. The heat transfer may 

be latent heat accompanying the phase changes such as condensation or vaporization, or it may 

be sensible heat coming from increasing or decreasing the temperature of the fluid without 

phase change. Heat transfer is the movement of energy due to a temperature difference. There 

are three physical mechanisms of heat transfer; conduction, convection, radiation. The three 

heat transfer mechanisms were described in chapter two. All three modes may occur 

simultaneously in problems of practical importance.   

2.3 Heat Transfer Experimental Methods 

According to Kulkarni and Radhakrishna (2005), the students from the Department of Mechanics 

of B.M.S. College of Engineering used two methods to measure the HTC at the metal-mold 

interface during the casting process. The first method measured the size of the gap formed 

between the metal and the mold during the casting process and estimated the value of the HTC 

based on the gap size. The second method measured the temperature of the metal and the mold 

at certain surfaces, and the reverse method was used to derive the HTC at the gap. A procedure 

was also developed to use the temperature measurement data in order to obtain the HTC as a 

function of the casting temperature near the interference.  

 

Garcia (2005) attempted to quantify the transient interfacial metal mold heat transfer coefficient 

by emphasizing different factors affecting the heat flow across such an interface during a 

solidification stage. These are the thermophysical properties of the contacting materials: the 

casting geometry, the orientation of the casting-mold interface with respect to the gravity 

(contact pressure), the mold temperature, the pouring temperature, the roughness of mold 

contacting surface and the mold coatings. It was proven that heat flow is controlled by the 

thermal resistance at the curing mold interface during rubber curing and casting in the metallic 

molds. Thus, the heat transfer coefficient at the metal mold interface has a predominant effect 

on the rate of heat transfer. The effect of pressure on molten metal will only affect the heat 

transfer rate at least at the initial steps of solidification in some processes such as low pressure 

and die casting. According to Guerlac and Henry (1980), there are various theories on the nature 
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of heat that were developed by Scottish chemist Joseph Black in 1761. These include discovering 

that ice can absorb heat without changing its temperature when melting. This led Black into 

concluding that the heat must have combined with the ice particles and become latent, 

henceforth the theory of latent heat energy was formulated. According to Rumford (1804), a 

cannon manufacturer, Sir Benjamin Thompson, demonstrated through the use of friction that it 

was possible to convert work to heat. He designed a specially shaped cannon barrel that was 

thoroughly insulated against heat loss. Furthermore, he used a dull drill bit to replace the sharp 

boring tool and immersed the front part of the gun in a water vessel. Thereafter he heated up 

the water in the vessel from ambient to a boiling point within 2.5 hours without the use of fire. 

 

Eastop (1993) stated that using a hot burner that heats energy can be conduction transferred 

from one molecule to another molecule within a substance touching a hot burner by conduction. 

He also stated that heat energy can be conventionally transferred by the mass movement of 

liquid or gas by convection, and that heat energy can be transferred by waves through radiation.  

 

When heat is transferred the thermal energy always moves from warmer to cooler objects. The 

heat never flows from a cooler object to a warmer object. The warmer object loses the thermal 

energy and becomes cooler as the cooler object gains the thermal energy and becomes warmer.  

The heat energy conversion, in general, and specific heat capacity, in particular, has been the 

main topic in energy saving research for the last 30 years. Energy enhancement techniques 

studies were successfully conducted in the past. The thermal energy is dependent on the total 

amount of molecules in motion. Therefore, the thermal energy absorbed increases as the volume 

of the component under warm-up increases. The thermal heat energy is directly proportional to 

the specific heat capacity of a substance that is required to raise the temperature of a given mass 

of the substance by some amount. The heat capacity varies from substance to substance. 

According to Zalba and Marin (2003), it was proven that the heat is thermal energy that is 

transferred from one object to another when the objects are at different temperatures. The 

amount of heat that is transferred when two objects are brought into contact depends on the 

difference in the temperature between the objects. The heat transfer continues until both 
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objects are at the same temperature. Heat transfer research and studies were done successfully 

in the past through experiments and research work done by various researchers.  Cheng and 

Schulenberg (2001) proved that heat transfer at high pressures is mainly characterized by the 

thermal physical properties which very strongly near the pseudo-critical line. The steam heating 

efficiency of rapid heat cycle molding (RHCM) can be effectively improved by increasing the 

thermal conductivity of the cavity or core material. This situation is diametrically opposite for an 

electric heating RHCM (Wang and Zhao, 2010). The thermal response of a new electric heating 

mold was also simulated. The simulation results showed that the cooling plate can significantly 

improve the cooling and heating efficiency. 

2.4 Radiation Modelling 

According to Gokhale et al. (2003), a simulation of a ceramic furnace model with pottery kiln-

walls, the pottery ware and the gases in the kiln were all modelled as one-dimensional entities 

and the heat transfer through the kiln-walls was analysed using advanced computational fluid 

dynamics (CFD) software. It was proven that heat transfer through honeycomb panels is non-

isotropic and difficult to predict using CFD if the effect of the cover faces is taken aside, and 

convection and radiation within the honeycomb cells can be neglected in comparison with 

conduction along the ribbons. Martinez (1995) stated a numerical-mathematical model detailing 

the radiant exchange between surfaces. A generalized multiple-surface shape model was 

constructed, developed, and tested to a satisfactory degree of complexity, at which point it was 

incorporated into CFD. According to Reynolds (2005), the predictions by the model were 

compared to selected results from pilot-scale DC arc furnace tests run at Mintek to evaluate the 

significance of radiation heat transfer on the overall energy loss from the freeboard regions of 

such furnaces. 

2.5 Heat Energy Transfer in Pipeline 

Pettrukhov (1970) stated that heat energy transfer in pipelines has been evaluated for almost 60 

years. Nusselt's paper, published in 1910, was the first paper to analyse at a scientific level. Later, 
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during subsequent years, different investigators and scientists had studied flow through pipes 

for various fluids. As a result of this, the relation of Nusselt number with Reynold's number was 

formulated.   

Diessler and Eian (1952) considered the comparative approximations as similar to Graetz’ and 

gave the analytical solution for the problem faced in fully developed pipe flow in which fluid 

properties vary along the radius. Adekunle et al. (2014) showed that heat transfer through the 

pipe is dependent upon the wall thickness of the boundaries. This was shown by maintaining the 

integrity of the specifications. Wan Kai and Wang Ping (2013) stated that the computational fluid 

dynamics CFD simulation of small and medium gauge 90° circulars bend. They used a standard 

𝑘 − 𝜀 model with FLUENT software on a large diameter CFD numerical simulation of air flow in a 

90° twisted tube, with three-dimensional stress field and velocity field in the pipe. Exploring the 

non-change law of fully developed pipe flow through a CFD numerical simulation on large-

diameter flue gas lays the foundation for analysis and numerical simulation of the non-circular 

cross-section.  

2.6 Optimum Thermal Design of Steam Pipelines  

Abdallah and Krameldin, 1999 stated that the majority portion of electric power generated by 

conventional and nuclear is produced by steam all over the world. Also, steam is used extensively 

in many chemical petroleum’s, food, water desalination, and many other industries. For the last 

fifty years, little improvements have been made in the thermal efficiency of steam boilers. The 

major developments have been carried out in the direction of maintaining the efficiency of low-

grade fuel and reducing labour and maintenance charges. The annual cost of fuel nuclear and 

non-nuclear was often greater than the combined cost of other expenses of steam power plants. 

Hence, a great amount of money could be saved by designing steam pipelines in such a way that 

the total annual cost of pipes, cost of insulation material, cost of burned fuel and cost of 

maintenance was a minimum value. However, the insulation was used for one or more of the 

following reasons: to conserve heat, maintain desired temperature conditions, retard changes in 

temperature, prevent inside steam condensation, provide fire protection, and provide safety 
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from burn hazards. It was therefore essential that the system performs as designed. Thus, the 

performance properties, and especially the factors that affect them, were an important 

consideration to economic installation, lifetime, and thermal efficiency and environmental 

pollution by-products of combustion gases.  

The variety of insulation types and forms have properties that vary over significance ranges, and 

thus the uses of a material can also vary widely. The selection of insulation is determined by 

considering several properties-related factors. The cost of insulation material constitutes a large 

portion of the total cost especially for large-diameter high-temperature steam pipelines, where 

the insulation material price increases with its thickness. Selecting a suitable type of insulation 

was also an important problem in energy conservation. The final selection of the most suitable 

insulation was based on the available information concerning the properties relevant to the 

requirements. Generally, the major parameters that determine the choice of the insulation are 

material cost, thermal properties, mechanical properties, installation and cost, and lifetime. 

Sloane (992) stated that the problem of thermal performance and cost evaluation of insulation 

has been studied extensively by many investigators for purpose of optimizing the insulation 

material thickness from hot surfaces as one of the methods adopted for energy conservation. 

The problem was vital when the working fluids have high temperatures and the fluid transmitting 

pipelines have a long span and large bores where the heat loss was too much. The study an 

economic balance was made between the capital charges on pipeline insulation material which 

increases with the insulation thickness and between the monetary loss of fuel in the form of heat 

loss which proportional inversely to the insulation thickness and directly its thermal conductivity. 

2.7 Heat Transfer Engineering 

Campo (2010) his research interests are in heat transfer, fluid dynamics, and energy conversion. 

Campo previously conducted the study based on the quick algebraic estimate of the thickness of 

insulation for the design of process pipelines with allowable heat losses to ambient air. The 

underlying analysis in this article on thermal design rests on the powerful formulation of a 1-D 
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extended lumped model with detailed physical insight for the three-participating media: the 

internal fluid, the insulation annulus, and the external air. The superiority of the 1-D extended 

lumped model for the 2-D differential model is self-evident because it admits analytic treatment 

continually from the beginning to the end. Consequently, with the 1-D extended lumped model, 

it is possible to obtain analytic expressions for the mean bulk temperature and the total heat 

transfer for bare pipes and insulated pipes under any cooling conditions. A step-by-step 

calculation procedure has been developed and tested for the analytic determination of the 

thickness of the insulation of pipes carrying high-temperature, viscous Newtonian fluids with 

either laminar or turbulent motion. The total heat release from the internal fluids to the external 

air at atmospheric temperature may take place by either forced or natural convection. 

The outcome of the lumped modelling linked to an ordinary differential equation and an efficient 

fixed-point iteration technique leaves no doubt about their credentials as a top contender 

procedure for estimating the thickness of insulation in process pipes not only analytically, but 

more importantly, accurately and rapidly. In sum, it was expected that the proposed 

computational approach, united to the practical set of results, would provide useful tools for 

thermal design engineers in the future. 

2.8 Summary of Heat Transfer Theory 

Heat always flows from the source of higher energy to one of lesser energy. The greater the 

temperature difference the more rapid the energy flow. Temperature is a relative measurement 

of thermal pressure but it is not a unit of energy. Heat lost by one medium is always equal to the 

amount of heat gained by the other medium, minus losses in the transfer. Every material has its 

own unique properties that influence its ability to move heat energy. 

Hence, it is a necessity to develop a heat loss evaluation system that will predict and quantify 

heat energy losses for various atmospheric weather conditions and insulation inefficiencies.  
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Chapter Three 

3. Steam Distribution and Use to Manufacturing Process 

This chapter provides an understanding of steam distribution and its uses in the manufacturing 

process. If an analysis showed that a particular device or program could increase the efficiency 

of a central station boiler by five percent, in most cases it would be carefully considered and 

exhaustively researched. An observed industrial phenomenon takes place when the same 

scenario occurs outside the powerhouse walls. The same efficiency improvement potential may 

not receive the same consideration, analysis or study. This is, of course, a generality but in many 

cases the statement is accurate. What makes up quality steam? Steam that is conditioned to 

maximize energy transfer. In order to conduct this experimental work, one must understand the 

manufacturing process well and the required operational characteristics of the steam. The 

following discusses some of the factors contributing to quality steam.  

3.1 System Description 

According to Zoran et al. (2008), steam systems generate and distribute thermal energy in the 

form of steam, which is then used for a variety of process applications. Deacon (2008) stated 

that, on average, 40 % of all the fuel burned in the industry is consumed in order to raise steam. 

Steam is used to heat raw materials and treat semi-finished products. It is also a source of power 

for equipment, as well as for heat and electricity generation. Many companies can improve steam 

system performance through the installation of more efficient system equipment and processes. 

The entire steam system must be considered in order to optimize energy use and achieve cost 

savings. A typical steam system, as seen in Figure 2.1, includes the following subsystems 

▪ Boiler. 

▪ Steam distribution system (including control valves, steam traps, insulation, etc. 

▪ Steam end-users (including control systems, steam traps, insulation, etc. 

▪ Condensation return system (including piping, storage tanks, insulation, pump, etc. 

▪ Metering, monitoring and control systems.  
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The characteristics of each of the above-mentioned subsystems and their energy performances 

will be analyzed separately. For each subsystem, and the energy balances that define its energy 

efficiency need to be established. The measurement points for steam system monitoring and 

control are indicated in Figure 3.1. These are the minimum measurement requirements for 

practical operational performance monitoring and analysis of the steam system as a whole. All of 

these measuring points often do not exist within companies, but even if they do exist, it is 

advisable to check the calibration records and assure oneself about the accuracy of the 

instrumentation. 

 

Figure 3.1: Overall Steam System Definition (Morvay and Gvozdenc, 1990). 

3.1.1 Boiler Description 

The boiler is a device that converts the chemical energy of fuel into useful heat output. Typical 

heat outputs are steam (saturated or superheated), hot water or thermal fluids like mineral oil. 

There are many different types of boilers but all of them can be classified into two basic groups: 
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▪ Water tube boilers where water is contained in tubes and flames as well as hot 

combustion gases pass around them. 

▪ Fire-tube or shell boilers where combustion gases pass through a furnace tube and after 

that enter tube bundles immersed in water within the shell. 

 

Isegen SA (Pty) Ltd. has a water tube boiler with an integrated super-heater that has been 

manufactured by John Thompson (Pty) Ltd for specific high-pressure steam process applications 

for both South Africa and export markets. It provides 8 t/h of saturated steam at 14.5 bar(g), a 

temperature of 198.3℃ and is a dual-burner gas-fired boiler manufactured in South Africa. It can 

also be oil-fired or dual-fuel fired. Also known as the THOMPSON MULTIPAC SH boiler, it is a high-

efficiency, three-pass, wetback package boiler fitted with an integrated, low maintenance super-

heater. The boiler is equipped with a fully automatic, modulating burner, complete with a forced 

draught fan and gas train. The burner fitted to the boiler in the front has been selected to fire 

coal, oven gas or diesel and has the facility for quick changeover from one fuel to another. 

A large steam space and a mesh demister ensure a dryness fraction exceeding 99 % at the inlet 

to the super-heater while the boiler is operating at full load. According to John Thompson (Pty) 

Ltd. steam leaves the super-heater at 250°𝐶 ±  5°𝐶 at full load. The boiler incorporates a 

convective super-heater in a counter flow arrangement located in the front smoke box between 

the exit of the second pass tubes and the entry to the third pass tubes. Steam from the boiler 

passes through a super-heater tube bank which raises the steam temperature to 55°𝐶 above 

that of the boiler, typically for use in turbines where condensation is undesirable. Final steam 

temperature can be adjusted with the aid of a bypass damper incorporated in the flue gas pass. 

A safety valve on the outlet relieves excess pressure. A vent valve is fitted to protect the super-

heater against overheating during start-up. Due to the convective nature of the super-heater, the 

steam temperature will drop off as the load reduces. This effect can be counterbalanced by 

manually closing the bypass damper at lower loads. The bypass damper can also, if required, be 

equipped with an actuator and control loop to automatically control steam temperature to ±5°𝐶 

over a wide load range. The super-heater smoke box is fitted with easily removable doors to 
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facilitate tube cleaning and access to the super-heater elements. The water level in the boiler is 

controlled by a modulating feed water level controller. This system incorporates audible alarms 

to warn the operator when the water in the boiler falls to a low level or rises to a high level. In 

addition to this, an entirely independent overriding float-operated switch is used to stop the 

burner if the water level in the boiler falls to a dangerously low level. A control panel housing the 

Burner Management System, control switches and warning lamps etc. are mounted on one side 

of the boiler. The scheme of a case study boiler house is presented in Figure 3.2 below 

 

Figure 3.2: The scheme of a case study boiler (Morvay and Gvozdenc, 1990). 

3.1.2 Steam Distribution System 

This system delivers steam for end-users. Steam flow depends on the needs of end-users. Steam 

condensation occurs due to the inevitable cooling of steam in pipelines and it is necessary to 

remove the condensation from the pipeline at certain points. For that purpose, steam traps are 

used, not only in the steam distribution system but also at the end-users. The type and 

characteristics of steam traps can be found in the available literature or directly from the 

manufacturers. The insulation of the steam distribution system is very important for good 

performance of this subsystem and for the high efficiency of the steam system as a whole.  
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3.1.3 Steam end-users 

There are a variety of steam end-users in the industry and each of them should be the subject of 

energy management in respect of monitoring and estimating their individual effectiveness and 

energy efficiency. We are not going to enter into a detailed analysis of various end-users. 

However, for the proper operation of any end-user, it is necessary to deliver the required steam 

flow at the corresponding pressure. This parameter is established by the manufacturer's 

instructions for operation, to use it at the designed capacity, and to set up and implement a 

proper maintenance plan. 

Table 3.1: Boiler efficiency according to boiler type (based on GCV). Reproduced from: 
Good practice guide No. 30 (1993) energy efficiency operation of industrial boiler plant. 

Boiler Type Efficiency (%) 

Condensing 88-92 

High-Efficiency Modular 80-82 

Shell Boiler – Hot Water 78-80 

Shell Boiler – Steam 75-77 

Reverse Flame 72-75 

Cast Iron Sectional 68-71 

Steam Generator 75-78 

Water Tube with Economizer 75-78 

 

3.1.4 Condensation Return System 

One of the oldest measures for increasing energy efficiency in industrial steam systems is 

condensation recovery. In the past, this measure did not draw much attention as energy was 

relatively cheap and condensation recovery systems were comparatively expensive. In some 

process, steam is used directly in the process and it is then not possible to consider condensation 

recovery. It is the same when steam may be polluted by hazardous substances from the process 

and when, for safety reasons, condensation is discarded. However, even in such cases, it is 

possible and even desirable to utilize the condensation energy value by means of heat 

exchangers. 
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3.1.5 System Performance 

Bailly and Haler (1990) mentioned that it is possible to define the energy efficiency of the 

subsystem shown in Figure 3.1. In this way, the following efficiencies (performance indicators) 

are obtained 

For Boiler 

                            𝜂𝛣 =  
𝑚𝑠𝑡𝑒𝑎𝑚 𝑋 (ℎ𝑠𝑡𝑒𝑎𝑚 − 4.21 .  𝑡𝐹𝑊 )

𝑀𝐹𝑈𝐸𝐿 . 𝐺𝐶𝑉
                                                                         (3.1) 

For Steam Distribution System 

                                                  𝜂𝑆𝐷 =  
∑ 𝑚𝑆,𝑛 .  ℎ𝑆,𝑛

𝑁
𝑛=1

𝑚𝑠𝑡𝑒𝑎𝑚 .  ℎ𝑠𝑡𝑒𝑎𝑚
                                                                                 (3.2) 

 

For end-users System 

  𝐸𝐸𝑈 =  ∑(𝑚𝑠,𝑛 .  ℎ𝑠,𝑛 −  𝑚𝑐,𝑛 .  4.21.  𝑡𝑐,𝑛 )(𝑛 = 1,   2,   3 … … 𝑁)                                                  (3.3)

𝑁

𝑛=1

 

For Condensation Return System 

𝜂𝐶𝑅 =  
𝑚𝐶𝑅  .  4.21.  𝑡𝐶𝑅

𝑚𝑀𝑈 .  4.21.  𝑡𝑀𝑈 +  ∑ 𝑚𝑐,𝑛 .  4.21.  𝑡𝑐,𝑛
𝑁
𝑛=1

                                                                                (3.4) 

The overall system energy efficiency can be defined as the ratio of the energy delivered to and 

used by all end-users, and the energy supplied to the boiler. 

𝜂𝑆𝑆 =  
Energy Used by End − Users

Energy Supplied to System by Fuel
=  

EEU

EFUEL
                                                                        (3.5) 

Finally, we can rewrite the equation for the calculation of steam system energy efficiency (Eq. 

3.5) as follows 

𝜂𝑠𝑠 =  
∑  (𝑚𝑠,𝑛 .  ℎ𝑠,𝑛 − 𝑚𝑐,𝑛 .  4.21 .  𝑡𝐹𝑊)𝑁

𝑛=1

𝑀𝐹𝑈𝐸𝐿 .  𝐺𝐶𝑉
                                                                                         (3.6) 
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Where: 

𝑚𝑠,𝑛 = flow rate of incoming steam to end user No. n, (t/h) 

ℎ𝑠,𝑛= enthalpy of in-coming steam, (kJ/kg) 

𝑚𝑐,𝑛  = flow rate of out-coming condensation from end-user No. n, (t/h) 

𝑡𝑐,𝑛 = temperature of out-coming condensation, (0C) 

4.21 = isobaric specific heat of water, (kJ/kg.K) 

𝑚𝑠  = mass flow rate of steam, (t/h) 

ℎ𝑠  = steam enthalpy, (kJ/kg) 

𝑚𝐶𝑅 = mass flow rate of condensation, (t/h) 

𝑡𝐶𝑅 = temperature of condensation, (0C) 

𝑚𝑀𝑈 = mass flow rate of make-up water, (t/h) 

𝐺𝐶𝑉 = Gross Calorific Value of fuel used for running the boiler 

𝑀𝐹𝑈𝐸𝐿  = flow rate of fuel 

3.1.6 Steam Pressure 

Deacon (1991) stated that the steam pressure plays an important role when trying to maximize 

the energy transfer of steam. The higher the steam pressure, the higher the temperature and 

total energy content of a unit of steam. Latent heat or heat of vaporization is the energy released 

by steam and changes as pressure changes. Latent heat quantity increases as pressure decreases. 

To maximize latent heat transfer, steam should be used at as low a pressure as possible. Steam 

pressure also controls the saturated steam temperature. As pressure increases, so does 

temperature. Since temperature difference governs heat energy transfer, the higher the 

temperature, the easier it is to transfer heat. The ease of energy transfer can yield a smaller heat 

exchanger due to the improved heat transfer. The trade-off for the smaller heat exchanger could 

be that much more steam is consumed, due to the decrease in latent heat of the higher pressured 

steam. When steam is distributed through the piping system, steam pressure drops. Steam mains 
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and steam branch lines are sized to distribute the steam without excessive pressure drops. When 

steam pressure drops, the total energy content of the steam also drops. To avoid this energy loss, 

steam mains and branches must be sized very carefully to avoid making the energy loss even 

higher than normal. In the system when pressure drops, so does temperature. This could slow 

heat transfer, creating a demand for more steam, which increases the pressure drop, wasting 

more total energy. In addition, velocity will increase, contributing to more erosion and noise 

within the piping. 

3.1.7 Clean Steam 

Steam that is clean goes a long way toward improving energy transfer and reducing system 

maintenance. From an energy aspect, the biggest impact will be seen in instrumentation and 

control devices. Clogged control parts can lead to poor pressure and temperature control. In the 

previous section, it was shown how pressure can impact energy transfer. In control devices, 

particularly pressure reducing stations and control valves, clean steam is far less likely to cause 

leaks at the valve seating surfaces. Valve leaks are likely to cause steam loss, poor pressure 

control and result in energy loss. Steam flow measurement, pressure measurement, and 

temperature measurement will most likely produce accurate data on clean steam. When not 

accurate, poor control decisions can result in resultant energy loss. 

3.1.8 Heat Transfer Potential 

Pressure has been discussed as having an impact on heat transfer potential through its impact 

on steam flow, steam temperature, and heat energy release. Accumulations of air and non-

condensable gases in the steam system can also limit steam flow, steam temperature, and heat 

energy release. Air is present in the system on start-up and is also introduced through vacuum 

breakers on temperature-controlled processes. Non-condensable gases are liberated in the 

boiler. Carbon dioxide and oxygen are dissolved in the boiler feed-water as carbonates and 

bicarbonates. These non-condensable gases, when released, flow with the steam and can create 

energy problems. The gases cause a temperature reduction by contributing to total system 
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pressure. Dalton’s Law of Partial Pressure states that the pressure of the mixture of steam and 

other gases is equal to the sum of the partial pressures. This effectively reduces steam pressure 

and the resultant temperature. As steam temperature drops, so does the energy transfer. When 

steam condenses, the other gases are forced to the heat exchanger surface, forming a stagnant 

film. As we all know, air is a good insulator. Seen in Figure 3.3 as a comparison, a film of air thick 

has the same resistance to heat transfer as a film of water thick, or steel thick, or copper thick. 

So, besides reducing temperature, the gases can act as an effective insulating barrier to energy 

transfer.  

 

Figure 3.3: Plating out Non-Condensable cause insulating effect, Deacon (1991). 

The gases also take up volume and don't condense into liquid (hence the term non-condensable). 

If allowed to accumulate for long periods, they take up enough volume to effectively block steam 

flow and all energy transfer. When condensation flow is also blocked, dangerous water hammer 

can also occur. When allowed to cool in the presence of condensation, carbon dioxide can 
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combine with the water to form carbonic acid. Since gas accumulation causes a temperature 

drop, this acid energy formation is highly probable. The corrosion of iron forms a soluble 

bicarbonate which leaves no protective coating on the metal. If oxygen is also present, rust forms 

and 𝐶𝑂2 is released, which is now free to cause more corrosion. Once the gases become 

dissolved, they could be drained and removed, but they corrode on the way. This corrosion is 

free to cause steam leaks which are an energy loss and thus the corrosion is a maintenance and 

safety problem. In summary, steam energy transfer can be affected by many factors. The 

traditional definition of steam quality covers one such factor; the amount of water entrained in 

the steam. Other factors include steam pressure, both in the distribution system and at delivery, 

steam cleanliness, and the amount of air or non-condensable gases present in the heat transfer 

equipment.  

3.1.9 Measuring Steam Quality 

According to American Society of Mechanical Engineers Standard (ASME) the measurement of 

traditional steam quality is possible with standardized test instrumentation. Measurements are 

essential to the safe, accurate and reliable operation of the steam plant. Quality must be 

measured to qualify flow-meter readings for steam billing purposes, to check boiler treatment 

practices, and as a troubleshooting tool. Trends in boiler and steam generating equipment design 

have increased heat transfer surface areas in more compact packages. Since more steam is 

coming from smaller units, there is a greater likelihood that the equipment will carry over (throw 

some water out with the steam). As steam travels through the distribution system, the piping 

radiates heat and some condensation forms. Boiler treatment with chemicals can cause upset 

conditions and priming (boiler overflow). This introduces water into the boiler header and 

distribution piping. Chemical treatment can also affect the specific boiling action within the boiler 

and also affects carryover. Steam quality must be measured to assure and control the safe, 

reliable operation of the boiler or steam generating equipment. Field testing methods and 

procedures for steam quality measurements are described in the ASME Performance Test Code 

19.11 Steam and Water Purity in the Power Cycle. One of the methods, the throttling 
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calorimeter, is capable of measuring steam quality directly (see Figure 3.4). The other methods 

include 

▪ Ion exchange.  

▪ Conductivity (electrical). 

▪ Sodium tracer flame photometry.  

▪ Specific ion electrodes. 

 

These methods determine the solids content of steam, including the solids carried over by water 

droplets. The throttling calorimeter is the only direct way to determine steam quality. This 

method is most accurate below 4136 kPa and where moisture content is above 0.5 %. The 

calorimeter is a simple, easy to use instrument. When properly insulated and installed, it is very 

accurate. The calorimeter works on the principle that when steam expands without doing work, 

the heat content does not change. If the steam is dry and is discharged to the atmosphere, it will 

become superheated due to the pressure drop. If there is any moisture present, the temperature 

of the atmospheric discharge will be reduced. Measuring the temperature and comparing to the 

maximum possible temperature will indicate the steam.  

 

Figure 3.4: Throttling calorimeter shown installed in a steam pipe, Deacon (1991). 
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The other methods, by measuring solids, give an indirect measure of steam quality. The solids in 

the steam are sampled and counted and then compared to the solids content of the water in the 

boiler. This relationship has been found to be highly accurate. It has limited application at 

locations away from the boiler, where the calorimeter can still be used.  

3.1.10 Low-Quality Problem 

When low steam quality is detected, it usually indicates a problem with the water level control, 

feed-water treatment, blow-down cycle or even boiler sizing. Equipment such as separators, 

baffles, and mist eliminators may have failed. Boiler or steam generator operating procedures 

may need to be changed. A boiler or steam generator that is making low-quality steam tends to 

overload the distribution system. Moisture increases the mass flow through the steam lines, 

increasing the pressure drop. Noise, velocity and generally poor operation can result. Steam 

quality is, therefore, an important function to control. 

3.1.11 Redefine Steam Quality 

When considering the definition of maximizing energy transfer, other characteristics of the 

system must be considered. If steam is to serve its function of heat energy transfer, the steam 

system should be designed, installed, and maintained to allow maximum heat energy transfer to 

occur. To do this, the steam must be 

▪ Delivered at the highest pressure possible. 

▪ Used at the lowest pressure possible. 

▪ Be kept as clean as possible, especially at control devices. 

▪ Be free from high concentrations of air and non-condensable, especially at condensing 

surfaces. 

▪ Be free from excessive moisture (the traditional definition of steam quality). 

 

By setting objectives to accomplish these steam quality goals, an action plan can be developed 

for a steam quality program. Implementation of a steam quality program takes the cooperation 
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of engineers, energy staff, and operations. All these groups must understand the potential 

benefits and how improvement techniques can be applied. 

3.2 Steam Quality Objectives 

According to Deacon (1991), the following objectives should be recognized as an integral part of 

a program to accomplish the steam quality goals listed above:  

3.2.1 Steam Pressure 

▪ Steam pressure should be distributed at a high enough pressure as is practical to 

overcome line losses and satisfy the highest-pressure user. 

▪ Steam pressure should be reduced at usage to as low a pressure as is practical.  

▪ Steam velocity in distribution piping should not exceed 365 m/s. 

▪ Total pressure drop within the distribution piping should not exceed 20 % of boiler 

pressure.  

▪ Steam pressure drops should be avoided to preserve total energy content and steam 

temperature. 

3.2.2 Clean Pipelines  

▪ Drip points and dirt legs within the system should be present in the system at regular 

intervals.  

▪ Control valves should be protected by a strainer which is free from condensation 

accumulation.  

3.2.3 Heat Transfer Potential 

▪ Use steam at the lowest possible pressure to take advantage of the low-pressure latent 

heat. 

▪ Boiler feed-water should be deaerated to reduce non-condensable gas production.  
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▪ Heat transfer devices should incorporate automatic vents to reduce non-condensable 

accumulations.  

▪ Steam traps should be selected to discharge condensation before it cools and becomes 

corrosive.  

▪ Automatic vents and steam traps should be located properly to discharge air and non-

condensable gases before serious accumulations occur.  

3.3 Steam Quality Action Plan 

For each objective listed above, these are some suggested steps to take in order to archive a 

quality steam (Deacon, 1991).  

3.3.1 Steam Pressure 

▪ Investigate generating steam at higher than the required pressure up to 16 bar(g) to take 

advantage of specific volume. At higher pressures, steam volume decreases, and more 

steam can flow through a given size pipe. For the same flow, less pressure drop and less 

energy loss will occur. 

▪ Investigate the steam pressure requirements of major users. Latent heat savings and 

improved control are possible by utilizing pressure reducing valves, temperature control 

valves or sensor- control valve combinations. 

▪ Compare pipe sizes of major distribution and branch lines to sizing charts. One major 

steam user found a boiler expansion could be avoided by adding and re-piping several 

lines to reduce pressure drops. 

▪ While comparing line sizes also check for steam velocities to be not above the 1.82 m/s 

to 3.65 m/s range and total system pressure drop should not exceed 20 % of the total 

maximum pressure of the boiler. 
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3.3.2 Clean Pipelines 

▪ Drip legs with dirt pockets should be installed throughout the steam distribution system 

at least every 152.4 m/s and ahead of valves or regulators.  

▪ A special situation exists ahead of valves that are protected by a strainer. The strainer 

body is a low point and accumulates condensation naturally, reducing the effective area 

of the strainer screen. See Figure 3.5, some of the condensations are picked up by the 

flow created when the valve opens, impacting the valve and seat with dirty condensation. 

Installing an inverted bucket steam trap on the strainer blow-down drains the 

condensation, freeing the screen area from blockage and keeps the strainer clean. See 

Figure 3.6, look for control valves that have perpetual dirt and wear problems to try this 

simple solution on.  

 

 

Figure 3.5: Automatic strainer blow-down prevents water carryover, Deacon (1991). 



 

 
29 

 

 

Figure 3.6: Trap draining strainer ahead of control valve, Deacon (1991).  

3.3.3 Heat Transfer Potential 

▪ Evaluate heat exchangers for oversizing or poor control. Pressure reducing stations for 

entire areas might be considered, but a pressure or temperature regulator at the 

equipment can achieve the same results with some savings. The central reducing station 

is not needed, the valve can often be smaller due to the greater pressure drop, and large 

size distribution piping is not needed due to the specific volume of the high-pressure 

steam. 

▪ Relying on chemical treatment rather than deaerators should not be done. Many 

corrosion problems that make deaerators are nuisance due to the corrosion the system 

is supposed to prevent. Never mix makeup water with condensation return, even at the 

spray head. Always allow the deaerator to freely vent, never restrict the gas flow, and 

rather use a vent condenser to limit steam venting. 

▪ Bellows-type thermostatic steam traps can be used as automatic air vents on heat 

exchanger equipment. Air in the system tends to be lighter than steam and does not 

condense, so it gets pushed to quiet zones by the flowing condensing steam. At these 

locations, the thermostatic device senses the temperature reduction caused by air. Batch 



 

 
30 

 

process cookers, large shell and tube heat exchangers, and large steam coils should 

incorporate automatic air vents to eliminate air accumulations. See Figure 3.7 

 

Figure 3.7: Shell and tube heat exchangers (Typical Piping Diagram), Deacon (1991). 

▪ Steam traps should discharge condensation from process applications at or near 

saturation temperature. Selection of traps that back up or sub-cool condensation will 

accelerate carbonic acid corrosion, future steam leaks, and maintenance. Properly sized 

non-sub-cooling traps, such as inverted bucket traps and thermostatic traps will help 

maximize heat energy transfer.  

▪ Air vents and steam traps must be properly located to function efficiently. When traps 

are installed, the steps should be followed: Accessible for inspection and repair, below 

drip points whenever possible, lose to a drip point. To locate air vents properly requires 

visualization or a good pyrometer.  
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Figure 3.8: Steam pattern in a shell and tube heat exchanger, Deacon (1991). 

With a pyrometer, it is possible to measure the skin temperature of the heat exchanger to find 

the gas accumulations as cold spots. This will be the proper place to locate an air vent. Without 

a pyrometer, you should visualize the flow within the heat exchanger. Imagine the flow of steam 

rushing in and condensing. See Figure 3.8, imagine the condensation flow down and out the 

drain. The proper air vent location is away from these active flow areas. Usually, the best 

locations are high points, away from the inlet. A non-sub-cooling steam trap properly located can 

usually take care of the lower quiet zones since the traps will vent air also.  

3.4 Benefit of understanding quality and quantity 

It was recommended to Isegen SA (Pty) Ltd to follow all the above steps in order to archive quality 

steam to their process plant. There is a big difference between generating good quality steam 

and delivering steam that has high usable quality. This difference centres on maximizing energy 

transfer. The traditional definition of steam quality is the percentage of steam to moisture. Yet 

high-quality steam should also be usable, efficient and effective. Steam that is delivered at a 

controlled pressure is clean and has high heat transfer potential are important quality features.  
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Chapter Four 

4. Numerical Evaluation of Steam Consumption 

This chapter investigates heat energy losses and steam consumption while flowing through the 

insulated long-distance pipeline. This study aims to present a basic application of heat transfer 

analysis to demonstrate the heat energy required and the heat losses during the steam supply to 

the process plant. The losses of heat energy at different steps of steam flowing through the 

insulated pipeline with turbulent flow characteristics are given. In this case, the steam is the 

working fluid, which is generated in the boiler and terminated in the process house. This chapter 

describes the methodology used, the model development and its validation. 

The application of Excel spreadsheet has been used in order to develop the theoretical model of 

the problem. With the help of the computer package, the given problem was modelled and 

thoroughly analysed. The heat loss for different values of the thickness of insulation was 

obtained. The application of Excel spreadsheet was used to prove that as the ambient 

temperature decreased the heat loss increased and as the ambient temperature increased the 

heat loss decreased. It was also noticed that as the wind speed increased the heat loss increased.  

This study can be used for a real-time assessment of the heat dissipation during steam transfer 

from one place to another and passing through cold atmospheric conditions. The use of Excel 

spreadsheet instead of other complex simulation software has proven to be advantageous and 

efficient. The significance of the numerical analysis method is highlighted and the scope of it 

being presented as a solution to other possible further problems is discussed.   

4.1 Introduction 

The pipeline transport is used for the transportation of goods (generally fluids). A quick 

determination of the heat loss of a pipeline system has always been a difficult problem for 

engineers and pipe network designers because pipeline systems are complex and the ambient 

environment can be variable. Lin and Kuo (1988) stated that the mass flow rate through the pipe 

and the power required for the desired flow rate are highly dependent on the temperature of 
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the fluid it is carrying. The pipe material and the insulation material have great effects on 

convective and conductive heat transfer through the system. At a particular insulation thickness, 

viscous dissipation is exactly equal to conductive heat loss. Steam stays at its ideal temperature 

throughout the length of pipeline and the need for heating stations is reduced. From a design 

standpoint, this insulation thickness is called optimal. Steam passes through the long, insulated 

pipelines and terminates at the process house. The processing house consists of the Sizing Plant, 

PA Plant, MA Plant, Foods Plant etc. at this location. The temperature of the steam at the boiler 

house is about 180°𝐶 to 198.3°𝐶 and at the process house 130°𝐶 to 143.6°𝐶, a significant 

difference. This temperature difference shows that there is unexpected heat transfer dissipation 

taking place during steam flowing through the pipeline. The project is to investigate the steam 

energy losses and to minimize heat energy losses by finding the optimal thickness of insulating 

material (mineral wool).  

4.1.1 Problem Statement  

The significance of steam is essential in the process industries like cement dry plant, sugar plant, 

fertilizer, and textile etc. The generation of steam takes place in a boiler house. The generated 

steam is supplied to the process house through insulated pipelines. When steam flows through 

insulated pipelines it loses its heat energy through the pipeline which leads to some steam 

becoming wasted in the process industry. Thus, it is necessary to determine the optimal 

insulation thickness to avoid heat losses during steam flow with uniform steam velocity.   

4.1.2 Solution Methodology  

Parametric Modelling in the application of Excel spreadsheet: With the help of an Excel 

spreadsheet, a parametric model study was carried out and the heat transfer at various 

thicknesses of insulation was determined. These results were based on an ambient temperature 

of  20℃. The heat loss of the pipeline system increased as the insulation thickness decreased and 

it was validated that heat loss decreased systematically with the increase in insulation thickness. 
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The model also showed the effects of the ambient temperature and the wind speed on the heat 

loss along the steam pipeline. 

4.1.3 Model Development  

The application of Excel spreadsheet model programming: Formulating a mathematical model 

from the given problem statement is the most important aspect of engineering. So, for this 

scenario, the numerical evaluation of the heat transfer rate through the pipe wall the equation 

(4.1) below has been used, the equation is using a suitable solving scheme was carried out. The 

solution to the problem was obtained using an Excel spreadsheet model.  

4.1.4 Theoretical Model  

Figure 4.9 shows a part of the pipeline, where the inner and outer surfaces are exposed to hot 

steam and air respectively. The heat transfer process includes the convection inside the pipe, the 

conduction through the pipe, and the convection outside the pipe. 

  

Figure 4.9: Heat transfer process and temperature distribution through insulated steam pipeline 
wall. 

The heat lost per unit pipe length is the heat transfer through the inside steam boundary layer 

(forced convection), pipe wall, insulation, jacketing conduction and external air boundary layer 
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convection-radiation. According to the thermal resistance theory, the heat transfer rate through 

the pipe wall is presented as (Bergman, Incropera et al., 2011). 

𝑞̇ =  
(𝑡1 −  𝑡6)

1

2𝜋𝑟1 𝐿 ℎ1

+  𝑙𝑛 (
𝑟2

𝑟1
) /2𝜋𝜆1𝐿 +  𝑙𝑛 (

𝑟3

𝑟2
) /2𝜋𝜆2𝐿 +   𝑙𝑛 (

𝑟4

𝑟3
) /2𝜋𝜆3𝐿 + 

1

2𝜋𝑟4 𝐿 ℎ0

 
            (4.1) 

Where 𝑡 stands for the temperature, 𝑟 is the radius, 𝜆 is the thermal conductivity, ℎ is the 

convection heat transfer coefficient, and 𝐿 is the length, respectively. In practical analysis, 

although the outside air temperature t6 is usually considered as a constant, the inside steam 

temperature t1 is a variable since it varies along the flow direction. By analysis and calculation, it 

is concluded that the temperature difference (𝑡1 − 𝑡6) may be assumed to be the logarithm 

mean temperature difference.  

4.1.5 Heat transfer inside the pipeline 

In industrial and civic heat supply engineering, the most common fluid inside includes hot water 

and steam. Although the heat transfers of these two fluids are all forced convection, the phase 

change of steam gives more challenge to the analysis in steam pipeline systems. In addition, the 

heat transfer inside the pipeline is an internal convection, such that another important 

characteristic is that the fluid is confined by the surface wall of the pipeline. As a result, the heat 

transfer phenomena inside pipeline are thus closely associated with the characteristic of the hot 

fluid and the dimension of the pipeline.  

For steam, the condensation of steam has to be considered in the heat transfer process. 

Condensation is a phase change process from vapor to liquid. It occurs when the steam strikes 

the pipe well whose surface is at a temperature below the steam saturation temperature and the 

steam releases latent heat and converts to a liquid phase immediately (Tandon, Varma et al., 

1995). Several empirical and semi-empirical correlations were suggested and one of the most 

widely used correlations is the Ackers Equation as follows (Yang and Webb, 1996).   
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The first step is to find the Equivalent Reynolds number using equation 4.1a in order to determine 

the internal convection heat transfer coefficient  

𝑅𝑒 =  
𝑚 ̇ 𝑑𝑖

𝜇𝑠𝑡𝑒𝑎𝑚
                                                                                                                               (4.1𝑎)                                                                                                                                                       

The inside convection heat transfer coefficient for steam ℎ𝑖−𝑠𝑡𝑒𝑎𝑚 is thus obtained as  

ℎ𝑖 = 𝐶 
𝜆𝑠𝑡𝑒𝑎𝑚

𝑑𝑖
 𝑅𝑒𝑛 𝑃𝑟𝑠𝑡𝑒𝑎𝑚

1/3                                                                                                           (4.1𝑏) 

Bonda and Gavade (2017) recommended the approximate range values of the convective heat 

transfer coefficient as shown in Table 4.1 below.  

Table 4.1: Approximate range values of the convective heat transfer coefficient. 

 

4.1.6 Heat transfer outside the pipeline 

The heat transfers from pipe wall to outside air is an external heat convection between solid 

boundary and moving fluid. In general, pipeline systems are exposed to the surrounding, such 

that the meteorological conditions have a great influence on the heat loss of the pipeline 

systems. A well-known empirical correlation contributed by Hilpert is presented as (Rathore and 

Kapuno, 2011). 
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𝑁𝑢 = 𝐶𝑅𝑒𝑒𝑞
𝑛  𝑃𝑟1/3                                                                                                                                           (4.1𝑐) 

while 𝑅𝑒 stands for the Reynolds number, and 𝑃𝑟 the Prandtl number respectively. 𝐶 and 𝑛 are 

constants and tabulated in the below Table 4.2 at various Reynolds numbers. This empirical 

correlation is widely used for 𝑃𝑟 ≥  0.7.   

Table 4.2: The values of C and n (Rathore and Kapuno, 2011). 

 

According to Equation 4.1𝑐 and the definition of the Nusselt number (Tao, 2001), the outside 

convection heat transfer coefficient ℎ𝑜 is thus presented as 

ℎ𝑜 = 𝐶 
𝜆𝑎𝑖𝑟

𝑑𝑖
 𝑅𝑒𝑛 𝑃𝑟𝑎𝑖𝑟

1/3                                                                                                                                (4.1𝑑) 

It is very important to determine the Equivalent Reynolds number using equation 4.1e in order 

to determine the external convection heat transfer coefficient  

𝑅𝑒 = 𝜌𝑣𝐷/𝜇                                                                                                                                            (4.1𝑒) 

The above-mentioned correlation is a simplified working formula, which facilitates the solution 

of such problems based on the current conditions on site. The heat lost for total pipe length, 𝑞̇, 

is the heat transfer through the inside steam boundary layer (forced convection) pipe wall, 

insulation and external air boundary layer convection-radiation. The heat flow through the pipe 

per unit length neglecting the jacketing conduction and the fittings such as valves and bends, Tee 

piece. The total heat loss of the steam pipeline based on the current conditions would be 

obtained using the equation (4.1).    
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4.2 Conduction  

According to Bennett et al. (1983), heat conduction is the transfer of heat from one part of a body 

to another part of the same body, or from one body to another body in physical contact with it, 

without appreciable displacement of the particles of the body. Energy transfer by conduction is 

accomplished in two ways. The first mechanism is that of molecular interaction, in which the 

greater motion of a molecule at a higher energy level (temperature) imparts energy to adjacent 

molecules at lower energy levels. This type of transfer is present, to some degree, in all systems 

in which a temperature gradient exists and in which molecules of a solid, liquid, or gas are 

present. The second mechanism of conduction heat transfer is by “free” electrons. The free-

electron mechanism is significant primarily in pure-metallic solids; the concentration of free 

electrons varies considerably for alloys and becomes very low for non-metallic solids. The 

distinguishing feature of conduction is that it takes place within the boundaries of a body, or 

across the boundary of a body, into another body placed in contact with the first, without an 

appreciable displacement of the matter comprising the body.   

4.2.1 Convection  

According to Kraus (2011), heat transfer by convection occurs in a fluid by the mixing of one 

portion of the fluid with another portion due to gross movements of the mass of fluid. The actual 

process of energy transfer from one fluid particle or molecule to another is still one of 

conduction, but the energy may be transported from one point in space to another by the 

displacement of the fluid itself. Convection can be further subdivided into free convection and 

forced convection. If the fluid is made to flow by an external agent such as a fan or pump, the 

process is called “forced convection”. If the fluid motion is caused by density differences which 

are created by the temperature differences existing in the fluid mass, the process is termed “free 

convection”, or “natural convection”. The motion of the water molecules in a pan heated on a 

stove is an example of a free convection process. The important heat transfer problems of 

condensing and boiling are also examples of convection, involving the additional complication of 

a latent heat exchange. It is virtually impossible to observe pure heat conduction in a fluid 
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because as soon as a temperature difference is imposed on a fluid, natural convection currents 

will occur due to the resulting density differences. 

4.2.2 Radiation  

Thermal radiation describes the electromagnetic radiation that is emitted at the surface of a body 

which has been thermally excited. This electromagnetic radiation is emitted in all directions; and 

when it strikes another body, the part may be reflected, the part may be transmitted, and part 

may be absorbed. Thus, heat may pass from one body to another without the need for a medium 

of transport between them. In some instances, there may be a separating medium, such as air, 

which is unaffected by this passage of energy. The heat of the sun is the most obvious example 

of thermal radiation.   

4.3 Conduction heat loss   

Fourier’s law states that the rate of flow of heat through a single homogeneous solid is directly 

proportional to the area 𝐴 of the section at right angles to the direction of heat flow, and to the 

change of temperature with respect to the length of the path of the heat flow, (
𝑑𝑦

𝑑𝑥
). This is an 

empirical law based on observation. The law illustrated in figure 4.10 in which a thin slab of 

material of thickness 𝑑𝑥 and surface area 𝐴 has one face at a temperature 𝑡 and the other at a 

temperature (𝑡 + 𝑑𝑡). Then applying Fourier’s law we have for the rate of heat flow in the 

direction 𝑥, 

                                                                                𝑄̇  ∝  𝐴 
𝑑𝑡

𝑑𝑥
                                                                          (4.2)  

Or 

                                                                      𝑄̇ =  −𝜆𝐴 
𝑑𝑡

𝑑𝑥
                                                                       (4.3) 
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Figure 4.10: The transfer of heat through a slab of material (Eastop and McConkey, 2006). 

We have, 

                                      𝑄̇ =  −𝜆𝐴 
𝑑𝑡

𝑑𝑥
 𝑜𝑟  𝑄̇(𝑑𝑥) =  −𝜆𝐴(𝑑𝑡)                                                                (4.4) 

Integrating,  

                                                         ∫  𝑄̇(𝑑𝑥) =  − ∫ 𝜆𝐴 (𝑑𝑡)
𝑡2

𝑡1

𝑥

0
                                                                  (4.5) 

 

Or 

 

                                                𝑄̇(𝑥) = −𝐴 ∫ 𝜆 (𝑑𝑡)
𝑡2

𝑡1

                                                                                      (4.6) 

 

This equation can be solved when the variation of thermal conductivity 𝛌 with the temperature 𝑡 

is known. Now for most solids, the value of thermal conductivity is near constant over a 

temperatures range, therefore, 𝛌 can be considered as constant, 

                                                                        𝑄̇(𝑥) =  −𝐴𝜆 ∫ (𝑑𝑡)
𝑡2

𝑡1

                                                              (4.7) 

Or 

                                                                  𝑄̇ =  −
𝜆𝐴

𝑥
(𝑡2 − 𝑡1) =  

𝜆𝐴

𝑥
(𝑡1 − 𝑡2)                                            (4.8) 
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4.4 Newton's law of cooling and overall Heat Transfer Coefficient 

In order to consider the rate at which heat is transferred from one fluid to another through a 

plane wall, it is necessary to know something of the way in which heat is transferred from a solid 

surface to a fluid and vice versa. 

Newton's law of cooling states that heat transfers from a solid surface of area 𝐴, at a 

temperature 𝑡𝑤, to a fluid of temperature 𝑡, which is given by, 

                                                             𝑄̇ = ℎ𝐴(𝑡𝑤 − 𝑡)                                                                                   (4.9)                                                                                     

Where ℎ is called the convection heat transfer coefficient. 

Figure 4.11 shows the heat transfer taking place from fluid A to fluid 𝐵 through a dividing wall of 

thickness 𝑥, thermal conductivity 𝛌, and a temperature variation across the wall (𝑡1 −  𝑡2). 

 

Figure 4.11: Temperature variation of the heat energy from fluid A to B (Eastop and 
McConckey, 2006). 

In fluid A, the temperature decreases rapidly from 𝑡𝐴 to 𝑡1 in the region of the wall and similarly, 

in fluid B, the temperature decreases rapidly from 𝑡2 to 𝑡𝐵 in this region of the wall. In most 

practical cases the fluid temperature is approximately constant through its bulk, apart from a thin 

film near the solid surface bounding the fluid. The thickness of the fluid film is given by 𝛿𝐴 for the 

fluid 𝐴 and 𝛿𝐵 for the fluid B. This is shown by the dotted line on Figure: 4.11. The heat transfer 
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in these films is by conduction only, hence applying equation (4.8) and consider a unit surface 

area from A to the wall. 

The overall heat transfer coefficient equation is divided as follows 

From the fluid A to the wall, 

                                                                               𝑞̇ =  
𝜆𝐵

𝛿𝐴
(𝑡𝐴 − 𝑡1)                                                           (4.10𝑎)                                                               

From the wall to fluid 𝐴, 

                                                                               𝑞̇  =  
𝜆𝐵

𝛿𝐴
(𝑡2 − 𝑡𝐵)                                                         (4.10𝑏)                                                               

Also from equation 4.4, from fluid 𝐴 to the wall, 

                                                                                 𝑞̇ = ℎ𝐴(𝑡𝐴 − 𝑡1)                                                          (4.10𝑐)                                                               

From the wall to fluid 𝐵, 

                                                                                𝑞̇ = ℎ𝐵(𝑡2 − 𝑡𝐵)                                                          (4.10𝑑)                                                              

Comparing equations (4.10𝑎) and (4.10𝑐), and equations (4.10𝑏) and (4.10𝑑), it can be seen 

that, 

                                                           ℎ𝐴 =  
𝜆𝐴

𝛿𝐴
 and  ℎ𝐵 =  

𝜆𝐵

𝛿𝐵
                                                                      (4.11) 

In general, h = 𝛌/δ, where δ is the thickness of the stagnant film of fluid on the surface. The heat 

flow through the wall in Figure 4.10 is given by equation 4.8.  

For the unit surface area, 

                                                           𝑞 =  
𝜆

𝑥
(𝑡2 − 𝑡1)                                                                                     (4.12) 

For steady-state heat transfer, the heat flowing from the fluid 𝐴 to the wall is equal to the heat 

flowing through the wall which is also equal to the heat flowing from the wall to the fluid 𝐵. 

Therefore, 

                             𝑞̇ = ℎ𝐴(𝑡𝐴 − 𝑡1) =  
𝜆

𝑥
(𝑡2 − 𝑡1) = ℎ𝐵(𝑡2 − 𝑡𝐵)                                                           (4.13) 
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Rewriting these above equations in terms of the temperatures, we obtained 

                        
𝑞̇

ℎ𝐴
= (𝑡𝐴 − 𝑡1);  

𝑞̇𝑥

𝜆
= (𝑡2 − 𝑡1);  

𝑞̇

ℎ𝐵
= (𝑡2 − 𝑡𝐵)                                                                 (4.14) 

Hence by summing the corresponding side of the three equations, 

                     
𝑞̇

ℎ𝐴
 +  

𝑞̇𝑥

𝜆
+  

𝑞̇

ℎ𝐵
= (𝑡𝐴 − 𝑡1) + (𝑡1 − 𝑡2) + (𝑡2 − 𝑡𝐵)                                                               (4.15) 

Therefore, 

                                                          (𝑡𝐴 − 𝑡𝐵) = 𝑞̇ (
1

ℎ𝐴
+  

𝑥

𝜆
+  

1

ℎ𝐵
)                                                                  (4.16) 

Or 

                                                                   𝑞̇ = (𝑡𝐴 − 𝑡𝐵)/ (
1

ℎ𝐴
+ 

𝑥

𝜆
+  

1

ℎ𝐵
)                                                        (4.17) 

     

By analogy with equation 4.9 this can be written: 

                                                              𝑄̇ =  𝑈(𝑡𝐴 − 𝑡𝐵)                                                                                      (4.18)                                                                                    

Or 

                                                             𝑄̇ = 𝑈𝐴(𝑡𝐴 − 𝑡𝐵)                                                                                     (4.19)                                                                                  

Where 

1

𝑈
=  (

1

ℎ𝐴
+  

𝑥

𝜆
+ 

1

ℎ𝐵
)                                                                                   (4.20)                                                                                  

U is called the overall heat transfer coefficient and it has the same units as h. 

The resistance analogy method, the heat flow is caused by the temperature difference whereas 

the current flow is caused by the potential difference 𝑉. Hence, it is possible to postulate a 

thermal resistance analogous to an electrical resistance. From Ohm's law, we have 

                                                      𝑉 = 𝐼𝑅  or  𝐼 =
𝑉

𝑅
                                                                                             (4.21) 

Where 𝑉 is the potential difference, 𝐼 is the current and 𝑅 is the resistance. Comparing the above 

equations with equation (4.8) with thermal resistance, 
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                                                           𝑅 =  
𝑥

𝜆𝐴
                                                                                                         (4.22)                                                                                      

Where R is the thermal resistance, 𝑄̇ as analogous to I and 𝑡2 − 𝑡1 as analogous to V. To find the 

resistance of the fluid film it is necessary to compare Ohm's law with equation (4.9) given the 

thermal resistance of a fluid film, 

                                                               𝑅 =  
1

ℎ𝐴
                                                                                                     (4.23)                                                                                      

4.5 The heat loss in the case of a hot insulated circular pipe 

The heat flow resistance equation through the cylindrical wall is derived as follows. Eastop and 

McConkey (2006) consider a cylinder of internal radius 𝑟1, and external radius  𝑟2 as shown in 

Figure 4.12. Let the inside and outside surface temperatures be 𝑡1 and 𝑡2, respectively. Consider 

the heat flow through a small element, thickness 𝑑𝑟 at any 𝑟, where the temperature is 𝑡. Let the 

conductivity of the material be 𝛌. 

 

Figure 4.12: The insulated circular steam pipe (Eastop and McConckey, 2006). 

Then applying the equation 4.3, for unit length in the axial direction, we have 

                                                  𝑄̇ =  −𝜆𝐴
𝑑𝑡

𝑑𝑥
=  −𝜆(2𝜋𝑟 𝑥 1)

𝑑𝑡

𝑑𝑥
                                                                    (4.24) 

Or 

                                                        𝑄̇
𝑑𝑟

𝑟
=  −2𝜋𝜆 𝑑𝑡                                                                                            (4.25) 
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Integrating between the inside and the outside surfaces, 

                                              𝑄̇ ∫
𝑑𝑟

𝑟
=  −2𝜋𝜆 ∫ 𝑑𝑡

𝑡2

𝑡1

𝑟2

𝑟1

                                                                                      (4.26) 

Where 𝑄̇ and 𝛌 are both constant, 

Therefore, 

                                           𝑄̇  ln
𝑟2

𝑟1
=  −2𝜋𝜆(𝑡2 − 𝑡1) = 2𝜋𝜆(𝑡1 − 𝑡2)                                                           (4.27) 

Or 

                                             𝑄̇ =  
2𝜋𝜆(𝑡1 − 𝑡2)

ln
𝑟2

𝑟1

                                                                                                    (4.28) 

Now from equation 4.8 

                                                    𝑄̇ =  
𝜆𝐴

𝑥
(𝑡1 − 𝑡2)                                                                                                (4.29) 

Substituting a mean area 𝐴𝑚 in this equation, and also substituting for the thickness 𝑥 =

(𝑟1 − 𝑟2), we have, 

                                                   𝑄̇ =  
𝜆𝐴𝑚(𝑡1 − 𝑡2)

(𝑟2 − 𝑟1)
                                                                                             (4.30) 

Comparing this equation with equation 4.8, then, 

                                                𝑄̇ =  
𝜆𝐴𝑚(𝑡1 − 𝑡2)

(𝑟2 − 𝑟1)
=  

2𝜋𝜆(𝑡1 − 𝑡2)

ln
𝑟2

𝑟1

                                                                 (4.31) 

Therefore, 

                                                       
𝐴𝑚

𝑟2 − 𝑟1
=  

2𝜋

ln
𝑟2

𝑟1

                                                                                                 (4.32) 

Or 

                                          𝐴𝑚 =  
2𝜋(𝑟2 − 𝑟1)

ln
𝑟2

𝑟1

=  
𝐴2 − 𝐴1

ln
𝑟2

𝑟1

                                                                                 (4.33) 
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Thus, the solution can be achieved by substituting the logarithmic mean area 𝐴𝑚 into equation 

4.8. The logarithmic mean area formula also shows that a logarithmic mean radius can be given 

by as follows 

                                                      𝑟𝑚 =  
𝑟2 − 𝑟1

ln
𝑟2

𝑟1

                                                                                                     (4.34) 

In the case of a composite cylinder (e.g. a metal pipe with several layers of lagging) the most 

convenient approach is again that of the electrical analogy, so by using equation 4.22. 

From equation 4.28 applying the electrical analogy (I = V/R), it can be seen that, 

                                                     𝑅 =  
ln

𝑟2

𝑟1

2𝜋𝜆
                                                                                                             (4.35) 

The fluid film on the inside and outside surface can be treated using equation 4.23. 

                                              𝑅𝑜 =  
1

ℎ𝑂𝐴𝑜
                                                                                                                (4.36) 

Where 𝐴𝑜 is the outside surface area 2𝜋𝑟2 referring to Figure 4.6, and ℎ𝑜 is the heat convection 

coefficient for the outside surface. 

                                                                             𝑅𝑖 =  
1

ℎ𝑜𝐴𝑖
                                                                                  (4.37) 

Where 𝐴𝑖   is the inside surface area, 2𝜋𝑟1 and ℎ𝑖  is the convection heat transfer coefficient for 

the inside surface. It can be seen from equation 4.11. The heat transfer rate depends on the ratio 

of the 
𝑟2

𝑟1
⁄  and not on the difference (𝑟2 − 𝑟1). The smaller ratio 

𝑟2
𝑟1

⁄  the higher is the heat flow 

for the same temperature difference. 

                                                                𝑄̇ =  
2𝜋𝜆(𝑡1 − 𝑡2)

ln
𝑟2

𝑟1

                                                                                 (4.38) 
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4.6 The heat loss through radiation 

According to Eastop and McConckey (1993), the fourth power of its absolute temperature of a 

black body is directly proportional to the emissive power. The thermal radiation that occurs 

during the steam distribution and uses to the manufacturing process transported through the 

insulation pipeline is a direct result of the random movements of saturated steam atoms and 

molecules. The saturated steam atoms and molecules are composed of charged protons and 

electrons. Hence, the random movements of the protons and electrons result in the 

electromagnetic radiation being emitted. This carries energy away from the steam pipeline to the 

environmental surroundings. The steam pipeline is considered to be a grey body because it is a 

hypothetical source that radiates as a black body but with an emissivity being less than one and 

with a constant wavelength. The steam pipeline does not absorb all the incident radiation but 

emits the radiation in constant proportion to the corresponding blackbody radiation. 

 

Figure 4.13: Relationship between absorptivity and emissivity (Eastop & McConkey, 
1993). 

 

This principle is as follows 

                                                                       𝐸𝐵 = 𝜎𝑇4                                                                                    (4.39)                                                                                    

The value of 𝜎 is 5.67 x10-8 W/m2K4 and this value is constant. The rate of energy emitted by a 

non-black body is then given by: 
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                                                                   𝐸 =  𝜀𝜎𝑇4                                                                                       (4.40)                                                                                         

where 𝜀 is the emissivity of the non-black body. 

Considering the body of emissivity 𝜀1 at a temperature 𝑇1 that is completely surrounded by the 

black surroundings at a lower temperature 𝑇2. The energy leaving the body is completely 

absorbed by the surroundings and from equation (4.40) the rate of energy emission is given by 

                                                               𝜀1𝜎𝐴1𝑇1
4                                                                                             (4.41)  

Now the fraction of an energy which is absorbed by the second body depends on the absorption 

of the body one. For a grey body 𝛼 = 𝜀 at all temperatures and thus 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝜀1 𝜎𝐴1𝑇1
4 −  𝜀2𝜎𝐴2𝑇2

4                                                                        (4.42)   

In this case, the pipeline surroundings area, where the emitting of radiation heat transfer occurs 

was assumed to be equal to the pipeline area. Therefore, the net radiation loss rate of the 

pipeline radiating energy to its cooler surroundings can be expressed as 

                                  𝑄̇ =  𝜀1 𝜎𝐴1𝑇1
4 −  𝜀2𝜎𝐴2𝑇2

4                                                                                        (4.43)                                                                                          

4.7 Heat loss across the cylindrical section 

The heat resistance across the cylindrical shape of the steam pipeline is given by: 

                                                         𝑅 = ln
𝑟2

𝑟1
⁄

2𝜋𝜆
                                                                                            (4.44)                                                                                                 

Where (𝑟1) is the internal radius and (𝑟2)is the outside surface radius. The thermal conductivity 

is represented by 𝛌. The heat energy first flows through the pipe wall, then flows through the 

insulation and finally through the aluminium cladding cover, before it dissipates into the pipeline 

surroundings. 
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4.8 The numerical model development  

The saturated steam pipeline is made of carbon steel with a thermal conductivity of 43 𝑊/𝑚K 

(see Appendix A) and has a wall thickness of 7.11 𝑚𝑚 thickness. The numerical model was 

developed based on an ambient temperature of 20℃ and 14.5 𝑏𝑎𝑟(𝑔) saturated steam. The 

steam pipe has the mineral wool insulation of 50 𝑚𝑚 thick with a thermal conductivity of 

0.06 𝑊/𝑚K (see Appendix F). It is covered with 2 𝑚𝑚 thick aluminium cladding metal, which 

has a thermal conductivity of 237 𝑊/𝑚K (see Appendix A). The pipeline had an outside diameter 

of 168.3 𝑚𝑚. The temperature of the saturated steam ranged between 200.1℃ at the start and 

198.9℃ at the end. This was due to an acceptable pressure drop estimate of 0.1bar per 100 

metres, however, this is for pipe that is expected to be in a good condition on the inside (see 

Appendix Q). The inside heat transfer coefficient,  ℎ𝑖, and the outside heat transfer coefficient,  

ℎ𝑜,  were also taken into consideration during the model prediction analysis. Therefore, the total 

heat loss along the 250 𝑚 long saturated steam pipeline calculations were obtained based on 

the above parameters, as well as the convection heat transfer values calculated below. 

4.8.1 Calculation of heat loss through the insulated steam pipeline 

The heat transfer through the inside steam boundary layer (forced convection), pipe wall, 

insulation and external air boundary layer convection-radiation. A heat transfer process can be 

considered as a heat loss due to the insulations materials limitations (inefficiency). Figure 4.14 

below illustrates a schematic drawing of the materials in the steam pipeline wall. 

 

Figure 4.14: Schematic drawing of the materials in the steam pipeline wall. 
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4.8.2 The inside convection heat transfer coefficient for steam  

The first step is to find the Equivalent Reynolds number Re is given by (Yang and Webb, 1996) 

𝑅𝑒 =  
𝑚 ̇ 𝑑𝑖

𝜇𝑠𝑡𝑒𝑎𝑚
 

Table 4.2: Reynolds Number Calculations. 

Items Values Units 

𝑚̇= 2.22 kg/s 

d= 0.154 m  

μ= 0.0000157 kg/ms 

Re= 21775.7   

 

According to (Yang and Webb, 1996), several empirical and semi-empirical correlations were 

suggested and one of the most widely used correlations is as follows,  

where C = 0.0265, n = 0.8 for Re > 50 000,  

            C = 5.03, n = 1/3 for Re < 50 000 

The inside convection heat transfer coefficient for steam is thus obtained as 

ℎ𝑖 = 𝐶 
𝜆𝑠𝑡𝑒𝑎𝑚

𝑑𝑖
 𝑅𝑒𝑛 𝑃𝑟𝑠𝑡𝑒𝑎𝑚

1/3 

Table 4.3: Inside Convection Heat Transfer Coefficient. 

Item Value Units 

C= 5.03   

𝛌= 0.0375 W/mK 

d= 0.154 m 

Re= 21775.7   

Pr= 1.22   

n= 0.333   

const= 0.333   

      

hi= 36.42 W/m2 K 
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4.8.3 The outside convection heat transfer coefficient for air 

The Reynolds number was calculated based on the yearly wind speed in the Durban area, which 

ranges from 3 to 10 𝑚/𝑠 (See Appendix J) and dynamic viscosity of 1.846𝑥10−5 and also air 

density of 1.177 𝑘𝑔/𝑚3 (see Appendix C).  

𝑅𝑒 = 𝜌𝑣𝐷/𝜇 

Table 4.4: The Reynolds Number for outside convection heat transfer coefficient. 

ρ= 1.177 1.177 1.177 1.177 1.177 1.177 1.177 1.177 kg/m³ 

ν= 3 4 5 6 7 8 9 10 m/s 

D= 0.2723 0.2723 0.2723 0.2723 0.2723 0.2723 0.2723 0.2723 m 

µ= 1.85E-05 1.85E-05 1.85E-05 1.85E-05 1.846E-05 1.846E-05 1.846E-05 1.85E-05 kg/ms 

Re= 52085.12 69446.83 86808.53 104170.24 121531.94 138893.65 156255.36 173617.06  
 

When investigating the heat transfer coefficient of the outer surface, the Reynolds number, 

Prandtl number (see Appendix C), and thermal conductivity of air (see Appendix C) were taken 

into consideration. The outside convection heat transfer coefficient for air is thus obtained as 

ℎ𝑜 = 𝐶 
𝜆𝑎𝑖𝑟

𝑑𝑖
 𝑅𝑒𝑛 𝑃𝑟𝑎𝑖𝑟

1/3 

Table 4.5: The outside convection heat transfer coefficient. 

At 
wind 
speed 3 4 5 6 7 8 9 10 m/s 

C= 0.0266 0.0266 0.0266 0.0266 0.0266 0.0266 0.0266 0.0266  
𝛌= 0.026 0.026 0.026 0.026 0.026 0.026 0.026 0.026 W/mK 

d= 0.2723 0.2723 0.2723 0.2723 0.2723 0.2723 0.2723 0.2723 m 

Re= 52085.12 69446.83 86808.53 104170.2 121531.94 138893.65 156255.36 173617.1  

Pr= 0.707 0.707 0.707 0.707 0.707 0.707 0.707 0.707  
n= 0.805 0.805 0.805 0.805 0.805 0.805 0.805 0.805  
const= 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333  

ho= 14.31 18.04 21.59 25.00 28.30 31.51 34.65 37.72 W/m² K 
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The table above shows the effects of wind speed on the heat transfer coefficient. It can be seen 

that as the wind speed increased, the convection heat transfer coefficient increased. In the model 

analysis, the heat loss per metre was compared between 3 and 10 𝑚/𝑠  from the prediction 

model was 131 and 136 𝑊/𝑚 which was a 3.7 % difference. It was found that both the inner 

and outer convection heat transfer coefficients had a very small effect on the heat loss per metre 

compared to the insulation resistance. The insulation resistance has the major effect on the heat 

loss per metre, based on the analysis that was made on the model by changing the thermal 

conductivity of the insulation between 0.06 to 0.08 𝑊/𝑚𝐾, the heat loss at 3 𝑚/𝑠 wind speed 

changes from 131 to 168.9 𝑊/𝑚. 

4.8.4 Heat losses through the valves' body including through the joining flanges. 

(Mc Indicativ, 2006) stated that when referring to heat losses of a pipeline system one must take 

into account not only losses that correspond to the pipeline, but also those corresponding to the 

related elements (valves, fittings, and that are not insulated). To be able to take this into account, 

the related elements must be considered as an equivalent length. 

4.8.5 The equivalent length of fittings 

Spirax Sarco recommended that the allowance equivalent for each pair of the flanges should be 

0.3 𝑚 and each valve is 0.464 𝑚 pipe. The current study has four pairs of flanges and two 

valves. Therefore, the total equivalent length of the fittings is 2.128 𝑚 of pipe, and this amount 

was included in the total pipe length, as shown in the model below on Table 4.6. The numerical 

model data heat loss calculations are shown here based on 3 𝑚/𝑠. The other wind speeds of 4 

to 10 𝑚/𝑠 can be found in (Appendix M).  

4.8.6 Simplified Analytical Model 

This study aims to develop a heat transfer evaluation system that will predict and quantify heat 

losses for various conditions of weather conditions. Based on the heat transfer theory, a 
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theoretical model was established using the application of an Excel spreadsheet. Therefore, the 

model was developed for the assessment of the heat loss of pipeline systems.  

The model was divided into 10 𝑚 lengths and the heat loss for each 10 𝑚 length was calculated 

and added together to calculate the total heat loss of the steam pipeline. Therefore, the following 

assumptions were made to set up the model, 

▪ The pipeline was assumed to be perfectly thermally insulated along its length. 

▪ Valves and flanges were uninsulated.  

▪ The temperature of the saturated steam in the pipeline is constant at any cross-section 

and depends only on the pressure at that point along the length. 

▪ The wind speed was between 3 to 10 𝑚/𝑠. 

▪ The ambient temperature was ranging between 10 to 30℃ based on the South African 

(Durban) weather service and, the numerical model table below was developed based on 

the average ambient temperature of 20℃.   

▪ The mass flow rate of 8 𝑡/ℎ was based on the boiler operating parameters. 

▪ The pressure gauge of 14.5 𝑏𝑎𝑟(𝑔) was based on the boiler operating parameters. 

▪ The heat transfer coefficient of the outer surface (ℎ𝑜) was dependent on the Reynolds 

number which was calculated based on the yearly wind speed in the Durban area which 

ranges from 3 to 10 𝑚/𝑠, the Prandtl number, and the thermal conductivity of air. 
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Table 4.6: Numerical model data heat loss calculations at the average ambient temperature of 𝟐𝟎℃ and wind speed of 3m/s. 

 

 

 

 

 

 

 

 

 

The total heat loss of the steam pipeline based on the current conditions is thus obtained as Pressure loss = 0.1 bar/100m ref : https://www.spiraxsarco.com/learn-about-steam/steam-distribution/pipes-and-pipe-sizing,figure 10.2.7

Input

Condensate 

drain point 

at 100m

Equivalent 

length of 

pipe fittings

Condensate 

drain point 

at 200m

Manmanifold 

uninsulated 

pipeline 

systems

Units

Psat (abs) = 15.450 15.440 15.430 15.420 15.410 15.400 15.390 15.380 15.370 15.360 15.350 15.340 15.331 15.331 15.321 15.311 15.301 15.291 15.281 15.271 15.261 15.251 15.241 15.241 15.231 15.221 15.211 15.201 bar

ts= 200.1 200.1 200.0 200.0 200.0 199.9 199.9 199.8 199.8 199.7 199.7 199.6 199.6 199.6 199.5 199.5 199.4 199.4 199.3 199.3 199.2 199.2 199.1 199.1 199.1 199.0 199.0 198.9 ⁰C

ta= 20 ⁰C

hi= 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 W/m2K

ho= 14.3090 W/m2K

kc= 43 W/mK

kins= 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 W/mK

kclad(Alum)= 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 W/mK

r1= 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.10137 m

r2= 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.10955 m

r3= 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 m

r4= 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 m

130.93 130.90 130.87 130.83 130.80 130.77 130.73 130.70 130.66 130.62 130.59 130.55 948.98 130.52 130.48 130.45 130.41 130.37 130.34 130.30 130.27 130.23 946.64 130.20 130.16 130.12 130.09 1234.63 W/m

L= 10 10 10 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 1.5 m

1.31 1.31 1.31 1.31 1.31 1.31 1.31 1.31 1.31 1.31 1.31 1.22 0.61 1.31 1.30 1.30 1.30 1.30 1.30 1.30 1.30 1.22 0.61 1.30 1.30 1.30 1.30 1.85 kW

tsurf= 30.7 30.7 30.7 30.7 30.7 30.7 30.7 30.7 30.7 30.7 30.7 30.7 97.5 30.7 30.7 30.7 30.7 30.7 30.6 30.6 30.6 30.6 97.3 30.6 30.6 30.6 30.6 120.9 ⁰C

Theoritical 

Condensate 

running load 0.0070 kg cond/s 25.12 Kg/h

Measured 

Condensate 

running load 0.0203 kg cond/s 73.20 Kg/h 2.91 x as much

Total 

Heat loss 35.54 kW

NB150 Insulated Steam Pipeline Section NB150 Insulated Steam Pipeline SectionNB150 Insulated Steam Pipeline Section

NB150 Insulated 

Steam Pipeline 

Section
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4.8.7 The effects of the ambient temperature and wind speed on the heat loss 

of the pipeline system 

The data used in this investigation was obtained from South African Weather Services (see 

Appendix K). The annual wind speed measurements were taken at Durban South Merebank 

station from January 2014 to December 2015. The annual wind speed values are shown in 

(Appendix J) ranges from 3 to 10 𝑚/𝑠.  

Table 4.7 and Graph 4.1 below show the effects of the wind speed on the heat loss of the pipeline 

system subjected to the different ambient temperatures. The ambient temperature of the 

Durban weather range between 10 to 30℃, so these temperatures were also tested in the model. 

The model average ambient air temperature is initially set to be 20℃. It can be seen that as the 

ambient temperature decreased the heat loss increased and as the ambient temperature 

increased the heat loss decreased. It can also be seen that as the wind speed increased the heat 

loss increased.   

However, the outside convection heat transfer coefficient ranged between 14.31 to 

37.72𝑊/𝑚² 𝐾. It can be seen that the heat loss variation in each case is 10.1 %, based on the 

3 𝑚/𝑠 wind speed as shown in (Appendix M). 
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Table 4.7: The effects of the ambient temperature and wind speed on the heat loss of the 
pipeline system. 

Ambient Temperature 10°C 20°C 30°C 

Wind speed (m/s) Heat Loss (kW) Heat Loss (kW) Heat Loss (kW) 

3 37.52 35.54 33.56 

4 38.49 36.46 34.43 

5 39.22 37.15 35.08 

6 39.80 37.70 35.60 

7 40.27 38.15 36.02 

8 40.67 38.53 36.38 

9 41.02 38.85 36.69 

10 41.32 39.14 36.96 

 

 

 

Graph 4.14: Heat loss vs wind speed and ambient temperature.  
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4.8.8 The effects of insulation on the heat loss of the pipeline system  

These results are based on an ambient temperature of  20℃. As shown in Table 4.8 and Graph 

4.2 below, the model shows that the heat loss of the pipeline system increases as the insulation 

thickness decreases and also as the wind speed increases. Furthermore, if the thickness of the 

insulation increases the heat loss decreases and that is resulting in less heat transfer to the 

ambient air.  

Table 4.8: The effects of insulation on the heat loss of the pipeline system. 

Thickness of Insulation 25 mm 50 mm 75mm 

Wind Speed (m/s) Heat Loss (kW) Heat Loss (kW) Heat Loss (kW) 

3 55.80 35.54 27.66 

4 57.64 36.46 28.38 

5 58.93 37.15 28.93 

6 59.91 37.70 29.38 

7 60.69 38.15 29.76 

8 61.33 38.53 30.09 

9 61.87 38.85 30.37 

10 62.33 39.14 30.62 

 

 

15: Effect of insulation on heat loss. 

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

0 2 4 6 8 10 12

H
ea

t 
lo

ss
 (

kW
)

Wind Speed (m/s)

Effects of Insulation on heat loss

25 mm 50 mm 75mm



 

 
58 

 

4.9 Model Analysis Results  

Spirax Sarco provides typical heat losses from insulated pipelines, which is 139.8 𝑊/𝑚 at a 

temperature difference of 180℃, with 50 𝑚𝑚 of insulation (See Appendix L). The model’s 

predicted heat losses, at a wind speed of 3 𝑚/𝑠 and 20℃, were found to be similar to those of 

the Spirax Sarco data seen in the Reference Data Heat Loss column in Table 4.9 below, which 

assumed still air at 20℃ and 50 𝑚𝑚 insulation. As seen in the table below there is only a 6.3 % 

difference between the Spirax Sarco data and the model. 

Table 4.9: Heat losses from the insulated pipeline. 

Ambient 
Temperature 

 (0C) 

Reference Data Heat Loss 
(W/m)  

Ref: Appendix L 

Model Prediction 
Heat Loss 

 (W/m) 

Difference 
Percentage 

 (%) 

20 139.8 131 6.3 

 

The steam condenses as heat is lost from the pipeline to the environment. The rate of 

condensation depends on such parameters as the steam temperature, the ambient temperature, 

and the efficiency of the lagging. After considering these and other factors including the pipe 

fittings, wind speed, and temperatures acting on the pipeline, the model was found to be similar 

to typical steam condensation rates as compared to the Spirax Sarco data seen in the reference 

data steam condensation column in the table below. The table 4.10 below shows the model 

prediction of condensate rate generated per 100 𝑚 of well-insulated pipeline and compares it to 

the Spirax Sarco typical expected values for condensate generated for a pipeline with 50 𝑚𝑚 

thick insulation with an ambient temperature of 20℃ and 14.5 𝑏𝑎𝑟(𝑔) saturated steam (see 

Appendix B).  
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Table 4.10: Amounts of steam condensed each hour per 100 m of insulated steam main. 

Ambient 
Temperature 

 (0C) 

Reference Data Steam 
Condensation  

(kg/h)  
Ref: Appendix B 

Model Prediction 
Condensation Rate 

(kg/h) 

Difference 
Percentage 

 (%) 

20 25.09 25.12 0.12 

 

The model’s predicted condensate rate per 100 𝑚 of pipeline and 3 𝑚/𝑠 wind speed is close to 

the Spirax Sarco published data in still air at 20℃ and 14,5 𝑏(g) steam pressure, with only a 

0.12% difference. However, the condensate that was measured during the experiment was 

found to be 73.20 𝑘𝑔 per hour which is 2.9 times compared to the model prediction condensate 

rate data. It can be seen that the condensate measured data values and the numerical prediction 

do not correlate. Therefore, these results can be caused by the following possibilities.  

▪ A trapped pocket of the steam condenses is ineffective the 15 mm pipe has sufficient 

capacity it is unlikely to capture much of the condensation moving along the main at high 

speed.   

▪ A missing, wet, or damaged insulation that could cause condensate accumulation and 

exceed steam traps' capacities.  

▪ Pressure and Temperature drop along the steam main pipeline due to the age of the 

insulation and damage of cladding. 

4.10 Surface Temperature Readings  

The performance of insulation to provide personnel safety is indicated by the intensity of the 

outside surface temperatures. The lower the outside surface temperatures exhibited, the better 

the performance of the insulation materials, and consequently the more effective it is in 

providing personnel safety against burns. 

The instrument that was used to take the temperature readings on the outside of the insulation 

was an infrared thermometer. The steam field tests mainly involve the measurements of the 

temperatures of the outside surface of the cladding. The measurements were taken at four 
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distances along the pipeline, at intervals of 50 𝑚. The surface temperature readings at each 

position along the pipe, at the X and Y axis position, were between 25 to 32℃, as seen in Table 

4.11 below. The ambient temperature readings were also recorded as were provided by the 

Durban weather service. Table 4.11 below illustrates the correlation between the measured 

surface temperatures at different points of the pipeline and the model prediction surface 

temperatures based on the various atmospheric weather conditions.  
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Table 4.11: Insulated steam pipeline surface temperatures measurements. 

Date Time Fluid Transported Position 
(x,y) at a 

distance of 
50m;100m; 
150m;200m 

Measured Pipe 
Surface 

Temperature (℃) at 
(x)  

Measured Pipe 
Surface 

Temperature (℃) at 
(y) 

Model Predicted 
Surface 

Temperature (℃) 
at 3m/s 

Percentage Difference 
between Measured and 

Predicted Surface 
Temperature (%) 

Recorded Ambient 
temperatures (℃) for 

Durban weather  

4-Jun-18 Day Saturated Steam XY  30 30 30.5 1.6 20 

4-Jun-18 Night  Saturated Steam XY  26 25 26.9 3.7 16 

11-Jun-18 Day Saturated Steam XY 31 30 32.6 4.9 22 

11-Jun-18 Night  Saturated Steam XY 26.8 27 26.9 0.4 16 

15-Jun-18 Day Saturated Steam XY  30 30 36.3 17.4 26 

15-Jun-18 Night  Saturated Steam XY  26 25 21.3 14.8 10 

20-Jun-18 Day Saturated Steam XY 31 30.5 31.6 1.9 21 

20-Jun-18 Night  Saturated Steam XY 26.5 25.8 26 1.9 15 

25-Jun-18 Day Saturated Steam XY  29 30 31.6 5.1 21 

25-Jun-18 Night  Saturated Steam XY  25 26 22.2 11.2 11 

29-Jun-18 Day Saturated Steam XY 30 30 32.6 7.9 22 

29-Jun-18 Night  Saturated Steam XY 25.3 25.7 22.2 12.3 11 

 

4.10.1 Differences in surface temperatures 

The investigation of determining the correlation between the measured surface temperatures at different points of the pipeline and the model prediction surface temperatures based on the various atmospheric 

weather conditions were determined. Based on the results that were obtained It can be seen that if the ambient medium temperatures that range between 15℃ to 21℃ have a reasonable comparison, but the lower 

temperature as 10℃ to below and the high temperatures that are above 22℃ do not correlate so well. However, this study was based on the average ambient temperature of 20℃ which falls under the good category 

where the correlation between the measured surface temperatures and the model prediction surface temperatures were found tied up well with the 1.6 % difference.
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4.11 Numerical results and discussion 

The numerical analysis was carried out to investigate the heat energy losses and condensate 

generation while flowing through the insulated steam pipeline between the ambient 

temperature and the operational steam temperature.  

The total heat loss along the 250 𝑚 long saturated steam pipeline calculations were 

successfully obtained and were compared to the Spirax Sarco data. During the analysis of the 

effects of the ambient temperature and wind speed on the heat loss of the pipeline, it has 

shown that as the ambient temperature decreased the heat loss increased, and as the 

ambient temperature increased the heat loss decreased. It can also be seen that as the wind 

speed increased the heat loss increased.   

The condensate rate was physically measured during the experiment and was also 

investigated to the numerical model data. The model's predicted condensate was matching 

up with the Spirax Sarco published data with only a 0.12% difference. However, the 

condensate that was measured during the experiment was found to be 2.9 times compared 

to the model prediction condensate rate data. It can be seen that the condensate measured 

data values and the numerical prediction do not correlate. Therefore, further investigation 

needs to be carried out to be able to state the accuracy of the models. Furthermore, the 

effects of the insulation on the heat loss of the pipeline system were also investigated. The 

model shows that the heat loss of the pipeline system increases as the insulation thickness 

decreases and also as the wind speed increases. Furthermore, if the thickness of the insulation 

increases the heat loss decreases and that is resulting in less heat transfer to the ambient air.   

Steam waste is costly in both an environmental and financial sense and, therefore, it requires 

prompt attention in order to ensure that the steam system is working at its optimum 

efficiency with a minimum impact on the environment. It is imperative that Isegen SA (Pty) 

Ltd uses appropriate methods to reduce the steam consumption, taking into account all the 

parameters that impact the cost fuel, condensation, power generation. It will eventually 

reduce the fuel costs, the emission surcharges as well as maximize the process efficiency.  
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  Chapter Five 

5. Experimental Evaluation 

This chapter contains vital information on the type of experiments conducted at Isegen SA 

(Pty) Ltd Foods plant. It also shows the procedure for obtaining experimental data which is 

the basis for this research. The concept of transfer rate is the basic difference between heat 

transfer and thermodynamics. Thermodynamics does not answer the question of “how fast” 

a change is accomplished, but it can provide a solution to a system in equilibrium. Therefore, 

experimental analysis has been used to determine heat losses in a thermal system in order to 

predict and minimize thermal losses in the industry. 

 

Calculation of heat losses from the identified pipeline segments was made with the use of a 

numerical evaluation. The aforementioned heat loss and temperature difference are 

determined for meteorological conditions occurring at the moment of pipeline inspection. 

The calculated quantities constitute a reference level during the evaluation of an existing 

pipeline. For a given nominal diameter of pipeline and temperature of the fluid inside the 

pipeline, the permitted value of heat loss for a unit length of pipeline or recommended 

insulation layer thickness were determined on the basis of the aforementioned as per BS 

5422:2009 standards. Taking into consideration the thickness of thermal insulation and other 

parameters, insulation conduction resistance was calculated for thermal insulation complying 

with BS 5422:2009 standard requirements. 

5.1 Gathering Information 

▪ Study and verify line drawings. 

▪ Read Process and Instrumentation drawings (P & ID’s). 

▪ Look at “Isometric as-built” drawings.  

▪ Confirm that blueprints are current. 

▪ Review facility insulation specifications. 

▪ Note equipment with special insulation requirements. This likely will give the original 

types and locations of insulation. 

▪ Discuss the measurement system used by the plant. 
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5.2 The Appropriate Technique of Draining Steam Mains 

Condensation is formed in the steam pipeline during the steam transport into the process 

plant as the result of saturated steam losing heat energy, known as latent energy, to the 

pipeline internals and the surrounding environment. Steam condenses into water when the 

latent heat of steam is transferred to heat the pipeline internals and the surrounding 

environment. The condensation contains a significant amount of sensible heat that can 

account for about 15% to 35% of the initial heat energy contained in the steam. The 

condensation is returned to the hot-well tank and, therefore, less make-up water is required 

and the sensible heat contained therein helps to improve the boiler efficiency. 

 

Isegen SA (Pty) Ltd is experiencing problems with the condensation recovery system and 

steam leaking from the pipeline is often ignored. Leaks can be costly in both the economic 

and environmental sense and therefore need prompt attention to ensure the steam system 

is working at its optimum efficiency with a minimum impact on the environment. 

 

Figure 5.16 illustrates the steam loss for various sizes of the hole at various pressures. This 

loss can be readily translated into a fuel-saving based on the annual hours of operation. 

 

Figure 5.16: Steam leaking rate through holes (https://www.spiraxsarco.com/learn-
about-steam/steam-distribution/steam-mains-and-drainage). 

There are excessive heat energy losses that occur when draining the condensation during the 

steam transport. As mentioned above, Isegen SA (Pty) Ltd uses the recovered high-

temperature condensation as part of the boiler feed-water, this maximizes the boiler output 

temperature because less heat energy is required to convert water into steam. These heat 
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energy losses can negatively affect the steam energy available. The steam amount required 

in the process area will be less. 

Steam traps are the most effective and efficient method of draining condensate from a steam 

distribution system. The steam traps selected must suit the system in terms of 

▪ Pressure rating: Pressure rating is easily dealt with; the maximum possible working 

pressure at the steam trap will either be known or should be established. 

▪ Capacity: Capacity, that quantity of condensate to be discharged, which needs to be 

divided into two categories; warm-up load and running load. 

▪ Suitability: A mains drain trap should consider these constraints; discharge 

temperature, frost damage, and water hammer.  

5.3 Experimental Setup and Procedures 

 The steam field tests mainly involve the measurements of the temperatures of the outside 

surfaces of the claddings and quantifying the condensate along the main steam pipeline. The 

infrared thermometer was used to measure the outside cladding temperature along the 

insulated steam pipeline. The pressure was read from the gauge pressure from the boiler and 

on the pipeline. This enabled the heat losses from the insulated steam pipeline to be 

calculated. The measuring wheel and measuring tape was used to measure the pipeline 

length. Relevant data about the pipeline on which the tests were carried out in the foods plant 

section at Isegen SA (Pty) Ltd are summarized below.  

Steam transmission pipeline:  

The outer diameter of the steam pipe: (6") 168.3 mm 

Pipe wall thickness: 7.11 mm 

Operation steam pressure: 14.5 bar(g) 

The thermal conductivity of mineral wool insulation: 0.06 W/mK 

Pipe length: 250 m 
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Figure 5.17: Isegen SA steam main pipeline. 

A meeting was held with the Process Technical Engineer at Isegen SA (Pty) Ltd to discuss 

possible optimization of the existing condensation recovery system on the steam systems 

since there were excessive steam losses. Permission was granted to optimize the existing 

condensation recovery system, after lengthy discussions with Isegen SA (Pty) Ltd technical 

team. Two trials were carried out after researching about condensation recovery systems, 

which needs to be divided into two categories; warm-up load and running load.  

However, the steam loss was established directly, by measuring the mass of condensate 

collected in a container over a period of time. Therefore, the container was weighed before 

and after in order to measure the quantity of condensate collected. Steam was then supplied 

to the plant, and any condensate is discharged below the water level in the container to 

condense any flash steam. By noting the increase in weight over time, the mean condensate 

collected can be determined. Although this method gives the mean rate of condensate 

collected, if the weight of condensate is noted at regular intervals during the test, the 

corresponding condensate rates can be calculated. Any obvious peaks will become apparent 

and can be taken into account when deciding on the capacity of the associated equipment. It 

is important to note that the test was conducted with the condensate discharging into an 

atmospheric system. Under normal operation the condensate would have a back pressure 

and the steam trap capacity would relate to the expected differential pressure. Five tests were 



 

 
67 

 

performed under similar conditions in order to obtain more reliable results. Figure 5.18 shows 

a steam trap set and drain point of the current system.  

 

Figure 5.18: Isegen SA steam trap set. 

5.3.1 Warm-up Load  

During start-up, the pipework is cooler than the steam. This leads to heat transfer from the 

steam to the pipe and because the air surrounding the pipes is also cooler than the steam, 

heat transfer between the pipework and surrounding air also occurs. At the same time, steam 

that is in contact with cooler pipes will be condensed. The rate of condensation is at its 

maximum during start-up owing to the fact that the temperature difference between steam 

and the pipework is at its greatest. This condensation rate is called “starting load”. In the first 

instance, the pipeline needs to be brought up to operating temperature. This can be 

determined by calculation, knowing the mass and specific heat capacity of the pipeline and 

fittings.  

The Table 5.12 shows the amount of condensation generated when bringing 50 m of main up 

to working temperature, 50 m being the maximum recommended distance between trapping 

points. 
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Table 5.12:  Amount of steam condensed to warm-up 50 m of schedule 40 pipe. 

Evaluation on Condensation 

Pressure (kPa) Pipe size (mm) Condensation mass (kg) Time (min) 

1350 150 28 12 

1400 150 39 15 

1450 150 42 18 

1500 150 57 21 

 

The results are based on the ambient temperature of 20 ℃. The values shown in the above 

table are in kilograms. To determine the average condensing rate, the time taken for the 

process must be considered. In this case, the warm-up process required 57 kg of steam and 

was to take 21 minutes, then the average condensing rate would be 

𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝒄𝒐𝒏𝒅𝒆𝒏𝒔𝒊𝒏𝒈 𝒓𝒂𝒕𝒆 =  60
21 ⁄  𝑥 57 kg = 162 kg/h  

5.3.2 Running Load 

Once the pipework is warm the temperature difference between the steam and the pipework 

will naturally reduce. However, some condensation will continue to occur since the pipeline 

loses heat to its surroundings. This condensation rate is called “running load”. Condensation 

that falls at the bottom of the pipe is carried along by steam and also by gravity to specific 

points from where it is drained. The same process occurs once steam flows from the 

distribution network into the utilization section. The energy of the steam is used in warming 

up the equipment and product and heat transfer continues even after operating temperature 

is achieved. Because condensation forms due to heat transfer it must be removed from both 

the distribution network and the utilization section. This condensate is an energy source and 

can be re-used as hot boiler feed water. Not recovering this condensate is simply a waste of 

energy and hence it is recommended to recover all the condensate and return it to the boiler 

feed water tank and complete the steam and condensation loop. 

Once the steam main is up to operating temperature, the rate of condensation is mainly a 

function of the pipe size and the quality and the thickness of the insulation. Again, with 

sufficient data, the heat losses can be determined.  
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5.3.2.1 Measuring the mass of condensate. 

Steam consumption can also be established directly, by measuring the mass of condensate 

collected in a drum over a period of time. This may provide a more accurate method than 

using theoretical calculations if the flash steam losses (which are not taken into account) are 

small, and can work for both non-flow and flow type applications. In this case an empty drum 

and platform scales were placed under the drain valve. This method was quite easy to set up 

and can be relied upon to give accurate results. 

The drum was first weighed with a sufficient quantity of cold water to prevent burn. Steam 

was then supplied to the process plant, and any condensate was discharged below the water 

level in the container to condense any flash steam by noting the increase in weight over 

period of time. The weight of condensate was noted at regular intervals during the test, the 

average condensing rates can be calculated. Any obvious peaks will become apparent and can 

be taken into account when deciding on the capacity of associated equipment. It is important 

to note that the test is conducted with the condensate discharging into an atmospheric 

system. 

Care was taken to ensure that only condensate produced during the test run is measured. The 

test should run for as long as possible in order to reduce the effect of errors of measurement. 

Five tests were conducted under similar conditions and the results average was obtained and 

used to calculate the average condensate rate. Care must be taken here, particularly if the 

level change is small or if losses occur due to flash steam. Table below shows the test results 

that were carried out. 
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Table 5.13 shows typical amounts of steam condensed per 100 m of the steam main at 

various pressures and also shows the test results that were carried out. 

Table 5.13: Amount of steam condensed during operation of 100 m of schedule 40 
pipe. 

Date Pressure 
(kPa) 

Pipe 
size 

(mm) 

Condensation 
mass (kg) 

Time 
(min) 

Condensate in 
100m (Kg/h) 

Average 
kg/min 

6-Aug-18 1350 150 12 10 72 1.2 

6-Aug-18 1400 150 18 15 72 1.2 

6-Aug-18 1450 150 29 20 87 1.45 

10-Aug-18 1350 150 14 12 70 1.17 

10-Aug-18 1400 150 20 17 70.6 1.18 

10-Aug-18 1450 150 28 22 76.4 1.27 

15-Aug-18 1350 150 13 12 65 1.08 

15-Aug-18 1400 150 21 18 70 1.17 

15-Aug-18 1450 150 25 21 71.4 1.19 

24-Aug-18 1350 150 15 13 69.2 1.15 

24-Aug-18 1400 150 22 19 69.5 1.16 

24-Aug-18 1450 150 27 23 70.4 1.17 

30-Aug-18 1350 150 12 10 72 1.2 

30-Aug-18 1400 150 20 17 70.6 1.18 

30-Aug-18 1450 150 26 21 74.3 1.24 

Total Average 1.20 

 

The results are based on the ambient temperature of 20 ℃. The average condensing rate 

determined in the same way as that shown above for ‘running load’. As mentioned before 

that the weight of condensate was noted at regular intervals during the test, the average 

condensing rates was found to be as seen below: 

𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝒄𝒐𝒏𝒅𝒆𝒏𝒔𝒊𝒏𝒈 𝒓𝒂𝒕𝒆 =  1.20 𝑥 60 = 73.2 kg/h  

The average condensate rate was found to be 73.20 𝑘𝑔 per hour which is 2.9 times compared 

to the model prediction condensate rate data. It can be seen that the condensate measured 

data values and the numerical prediction do not correlate. 

According to Spirax Sarco, steam condenses as heat is lost from the pipe to the environment. 

The rate of condensation depends on the steam temperature, the ambient temperature and 

the efficiency of the lagging.  
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The model’s predicted condensate rate per 100 𝑚 of pipeline and 3 𝑚/𝑠 wind speed it was 

in comparison the Spirax Sarco published data in still air at 20℃ and 14,5 𝑏(g) steam pressure, 

and indicated a difference of 2.9 times compared to the Spirax Sarco published data. 

Therefore, the steam condensation rate for 100 𝑚 insulated steam main pipeline is expected 

to be approximately 25 𝑘𝑔/ℎ (see Appendix B).  

The currently in use thermodynamic steam trap was able to remove the actual condensate 

during the tests at its maximum allowable pressure of 250 bar(g), (see Appendix I) for more 

details. The steam pressure drop did occur in the steam main line throughout the steam 

transport. Steam is an essential resource for Isegen SA (Pty) Ltd. It provides convenient, 

reliable and cost-effective energy. As such an indispensable tool, it is economically friendly to 

run a steam system at its optimum efficiency. Therefore, reducing the steam loss can lead to 

considerable savings in terms of energy and water resources. This optimization reduces the 

boiler fuel consumption and minimizes the plant's carbon footprint. 

Spirax Sarco stated that the return of condensate to the boiler feed tank is commonly 

recognised as a highly effective way to improve the efficiency of the steam plant. Formed by 

condensed steam, liquid condensate needs to be drained from pipelines and equipment to 

avoid the risk of water hammer. Water hammer is a risk in a poorly drained steam main, 

where condensate collects and forms a slug of water. This water is incompressible unlike 

steam and can cause damage when carried along by the high-speed steam. 

Condensate is a valuable resource and the recovery of even small quantities is often 

economically justifiable. Condensate recovery offers several benefits. It saves energy and 

reduces fuel costs, reduces water charges, and chemical treatment costs. 

5.3.3 Distributed Control Systems. 

Siemens briefly highlighted the introduction of the Distributed Control Systems (DCS), DCS 

are dedicated systems used in manufacturing processes that are continuous or batch-

oriented. Process control of large industrial plants has evolved through many stages. Initially, 

control would be from panels local to the process plant. However, this required a large 

manpower resource to attend to these dispersed panels, and there was no overall view of the 
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process. The next logical development was the transmission of all plant measurements to a 

permanently-manned central control room. Effectively this was the centralisation of all the 

localised panels, with the advantages of lower manning levels and easier overview of the 

process. Often the controllers were behind the control room panels, and all automatic and 

manual control outputs were transmitted back to the plant. However, whilst providing a 

central control focus, this arrangement was inflexible as each control loop had its own 

controller hardware, and continual operator movement within the control room was required 

to view different parts of the process. Below figure 5.19 shows the Isegen control room set 

up. 

 

Figure 5.19: Isegen DCS Control Room. 

With the coming of age of electronic processors and graphic displays, it became possible to 

replace these discrete controllers with computer-based algorithms, hosted on a network of 

input/output racks with their own control processors. These could be distributed around the 

plant, and communicate with the graphic display in the control room or rooms. 

The introduction of DCSs allowed easy interconnection and re-configuration of plant controls 

such as cascaded loops and interlocks, and easy interfacing with other production computer 

systems. It enabled sophisticated alarm handling, introduced automatic event logging, 

removed the need for physical records such as chart recorders, allowed the control racks to 
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be networked and thereby located locally to plant to reduce cabling runs, and provided high-

level overviews of plant status and production levels. 

5.3.3 DCS in Boiler Control System 

Various parameters such as temperature, flow, level, and pressure have to be controlled 

proficiently to achieve greater efficiency. Compared to manual operation, automation 

prevents human errors and makes the process more efficient. DCS is made use of to automate 

the boiler control system. The Trend data acquire different types of process data and displays 

time-series changes in a graph shown in Figures 5.20. The time-series changes for the 

acquired process data are referred to as trend data.  

 

Figure 5.20: Boiler Tend Data from DCS. 

Isegen, mainly use DSC system to control and monitors the boiler steam pressure and 

temperature and steam mass flowrate on a daily basis in order to prevents human errors and 

makes the process more efficient. The trends graphical proved that there was an effect of the 

temperature drops during the steam transportation from boiler house to process area 

especial at night and in winter when the ambient temperature is low (see Appendix G) for 

more details results.  
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However, some caution is required in interpreting the precise nature of this relationship. To 

provide clarity on how to ready the plant tends, on the right-hand side legends are provided 

while on the bottom there is date and time and on the left-hand side the numbers are 

allocated starting with Temperatures (℃), Pressure (𝐵𝑎𝑟. 𝑔), flow mass (𝑘𝑔/𝑠) lastly feed 

water temperature (℃).  

 Data collection will eventually be used as a management tool to monitor and control energy 

consumption. In addition, some form of the electronic processor will exist which can receive, 

process and display the information. This processor may also receive additional signals for 

pressure and/or temperature to enable density compensation calculations to be made. Data 

may need to be gathered over a period of time to give an accurate picture of the process costs 

and trends.  

5.4 Discussion of Experimental Results 

The effect of thermal insulation conditions on the heat losses taking place at Isegen SA (Pty) 

Ltd steam pipeline network was studied. This was done by quantifying the magnitude of such 

losses and their comparison with the overall energy losses taking place during the steam 

transport from the boiler house to the process area. The appropriate analysis for the 

experimental measurements, lead to obtaining the heat transfer coefficient and heat losses 

at different operating parameters. The study was based on the results of a field inventory of 

the conditions of the pipelines thermal insulation. 

This section presents the results and the outcomes of the experimental work performed at 

Isegen. The heat transfer in the pipeline was first analysed numerically to determine heat 

losses in a thermal system in order to predict and minimize thermal losses in the plant. The 

heat losses due to insulation inefficiencies have also been investigated. 

Condensate is such a valuable resource that the recovery of even relatively small quantities is 

economically justifiable. Even the discharge from a single steam trap is often worth 

recovering. The average condensate rate was found to be 73.20 𝑘𝑔 per hour which is 2.9 

times compared to the model prediction condensate rate data and the Spirax Sarco reference 

data. 
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Further investigation will be required of the condition of the insulation along the pipeline 

should be carried out to determine what condition it is in to try to determine what seems to 

be causing so much condensate to be generated and removed. This excess condensate may 

be causing the problems in the process downstream as it may be being carried into the lines 

there, reducing the energy transfer to the process. 

5.6 New Proposed Method  

The aim of the study was to determine heat losses along the steam insulated pipeline system 

and minimize heat losses in the plant as well as also to improve the boiler efficiency. The 

Spirax Sarco (Pty) Ltd technical team was invited on site to provide more technical information 

regarding steam and steam condensation system recovery. The following points were 

discussed and proposed to be followed at all times: The steam lines should be arranged to fall 

in the direction of flow, at not less than 100 𝑚𝑚 per 10 metres of pipe (1:100). Steam lines 

rising in the direction of flow should slope at not less than 250 𝑚𝑚 per 10 metres of pipe 

(1: 40). Steam lines should be drained at regular intervals of 30 − 50 𝑚 at any low points in 

the system. Where drainage has to be provided in the straight length of pipe, then a large 

bore pocket should be used to collect condensation. If strainers are to be fitted, then they 

should be fitted on their sides. Branch connections should always be taken from the top of 

the main from where the driest steam is taken. Traps selected should be robust enough to 

avoid water hammer damage and frost damage. The proper pipe alignment and drainage 

were proposed to the Isegen SA (Pty) Ltd technical team. 

5.6.1 Steam Mains and Drainage 

Throughout the length of a hot steam main, an amount of heat will be transferred to the 

environment, and this will depend on the parameters. With steam systems, this loss of energy 

represents inefficiency, and thus pipes are insulated to limit these losses. Whatever the 

quality or thickness of insulation, there will always be a level of heat loss, and this will cause 

steam to condensate along the length of the main.  
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In addition, the steam will become wet as it picks up water droplets, which reduces its heat 

transfer potential. If water is allowed to accumulate, the overall effective cross-sectional area 

of the pipe is reduced, and steam velocity can increase. 

5.6.2 Steam Mains and Drainage 

The subject of drainage from steam lines is covered in the UK British Standard BS 806:1993, 

Section 4.12. BS 806 stated that, whenever possible, the main should be installed with a fall 

of not less than 1: 100 (1 m fall for every 100 m run), in the direction of the steam flow. This 

slope will ensure that gravity, as well as the flow of steam, will assist in moving the 

condensation towards drain points where the condensate may be safely and effectively 

removed see Figure: 5.21. 

 

Figure 5.21: Typical steam main installation (https://www.spiraxsarco.com/learn-
about-steam/steam-distribution/steam-mains-and-drainage). 

5.6.3 Drain Points 

The drain point must ensure that the condensation can reach the steam trap. Careful 

consideration must, therefore, be given to the design and location of drain points. 

Consideration must also be given to condensation remaining in a steam main at shutdown 

when steam flow ceases. Gravity will ensure that the water (condensate) will run along 

sloping pipework and collect at low points in the system. Steam traps should, therefore, be 

fitted to these low points. 
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The amount of condensation formed in a large steam main under start-up conditions is 

sufficient to require the provision of drain points at intervals of 30 m to 50 m, as well as 

natural low points such as at the bottom of rising pipework. 

Isegen current drain point setup, the steam is flowing along the main dragging condensation 

along with it. Figure 5.22 is describing the Isegen current setup of the trap pocket, a 15 mm 

drain pipe connected directly to the bottom of a main.  

 

Figure 5.22: Trap pocket too small (https://www.spiraxsarco.com/learn-about-
steam/steam-distribution/steam-mains-and-drainage). 

Although the 15 mm pipe has sufficient capacity, it is unlikely to capture much of the 

condensate moving along the main at high speed and this arrangement was found ineffective. 

The new proposed steam trap set is more reliable solution for the removal of condensation 

as shown in Figure 5.23. The trap line should be at least 25 to 30 mm from the bottom of the 

pocket for steam mains up to 100 mm, and at least 50 mm for larger mains. This allows space 

below for any dirt and scale to settle.  

 

Figure 5.23: Trap pocket properly sized (https://www.spiraxsarco.com/learn-about-
steam/steam-distribution/steam-mains-and-drainage). 

The bottom of the pocket may be fitted with a removable flange or blowdown valve for 

cleaning purposes. 
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5.6.4 Steam Traps 

The primary purpose of the steam trap is to discharge condensation, whilst not allowing live 

steam to escape. Due to the wide variety of applications under which steam traps are required 

to operate, they come in many shapes and sizes to suit those applications, including 

▪ Thermostatic (operated by changes in fluid temperature) 

▪ Thermodynamic (operated by changes in fluid dynamics) 

▪ Mechanical (operated by changes in fluid density)  

Steam traps are shown in Figure 5.24 below. The thermostatic trap is included because it is 

ideal where there is no choice but to discharge condensation into a flooded return pipe. 

 

Figure 5.24: Steam traps suitable for steam mains drainage 
(https://www.spiraxsarco.com/learn-about-steam/steam-distribution/steam-mains-

and-drainage). 

5.7 Branch Lines 

Branch lines are normally much shorter than steam mains. As a general rule, therefore, 

provided the branch line is not more than 10 metres in length, and the pressure in the main 

is adequate, it is possible to size the pipe on a velocity of 25 to 40 m/s, and not to worry 

about the pressure drop. 
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5.7.1 Branch Line Connections 

Branch line connections, taken from the top of the main, carry the driest steam Figure 5.25. 

If connections are taken from the side, or even worse from the bottom as in Figure 5.26(a), 

they can accept the condensation and debris from the steam main. The result is very wet and 

dirty steam reaches the equipment, which will affect performance in both the short and long 

term. 

 

Figure 5.25: Branch line (https://www.spiraxsarco.com/learn-about-steam/steam-
distribution/steam-mains-and-drainage). 

The valve in Figure 5.26(b) should be positioned as near to the off-take as possible to minimize 

condensation lying in the branch line if the plant is likely to be shut down for extended 

periods.                                                

 

Figure 5.26: Steam off-take (https://www.spiraxsarco.com/learn-about-
steam/steam-distribution/steam-mains-and-drainage). 
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5.7.2 Strainers  

When a new pipeline is installed, it is not uncommon for fragments of casting sand, packing, 

jointing, welding rods, and even nuts and bolts to be accidentally deposited inside the pipe. 

In the case of an old pipeline, there will be rust, and in hard water districts, a carbonate 

deposit. Occasionally, pieces will break loose and pass along the pipeline with the steam to 

rest inside a piece of steam using equipment. This may, for example, prevent a valve from 

opening or closing correctly. Steam using equipment may also suffer permanent damage 

through wiredrawing, the cutting action of high-velocity steam and water passing through a 

partly open valve. Once wiredrawing has occurred, the valve will never give a tight shut-off, 

even if the dirt is removed. 

It is therefore wise to fit a line-size strainer in front of every steam trap, flow meter, reducing 

valve and regulating valve. The illustration shown in Figure 5.27 shows a cutting section 

through a typical strainer.  

 

Figure 5.27: Cut section through a Y-type strainer 
(https://www.spiraxsarco.com/learn-about-steam/steam-distribution/steam-mains-

and-drainage). 

Steam flows from the inlet ‘A' through the perforated screen ‘B' to the outlet ‘C'. While steam 

and water will pass readily through the screen, dirt cannot. The cap ‘D' can be removed, 

allowing the screen to be withdrawn and cleaned at regular intervals. A blowdown valve also 

is fitted to cap ‘D' to facilitate regular cleaning. 

Strainers can, however, be a source of wet steam as previously mentioned. To avoid this 

situation, strainers should always be installed in steam lines with their baskets to the side. 
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5.8 Return Condensation to the Boiler 

When steam transfers its heat in a manufacturing process, heat exchanger, or heating coil, it 

reverts to a liquid phase called condensate. An attractive method of improving the power 

plant energy efficiency is to increase the condensation return to the boiler. 

 

Returning hot condensate to the boiler makes sense for several reasons. As more condensate 

is returned, less make-up water is required, saving fuel, make-up water, and chemicals and 

treatment costs. Less condensation discharged into a sewer system reduces disposal costs. 

Return of high purity condensation also reduces energy losses due to boiler blow down. 

Significantly, fuel savings occur as most returned condensation is relatively hot (54℃ to 

100℃), reducing the amount of cold make-up water (10℃ to 16℃) that must be heated. 

 

Figure 5.28: Typical heat recovery from boiler (https://www.spiraxsarco.com/learn-
about-steam/condensate-recovery/flash-steam). 

5.9 Insulation Condensation Return Lines 

The insulation of condensation return lines allows for higher temperature condensation 

recovery to the hot well, which renders savings in fuel. Further, it reduces radiation energy 

transfer and thus contributes to a drop in the surrounding temperature in the workplace. 
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Chapter Six 

6 Cost Analysis of Heat Energy loss and Production lost 

Accurately determining heat energy loss and production lost: monitoring and managing 

energy use in a plant, evaluating proposed design changes to the generation and the process 

itself, and for continuing to identify competitive advantages through plant efficiency 

improvements. Steam costs are highly dependent on the path that steam follows in the 

generation and distribution system. Simulation models are simple, convenient, and reliable 

tools to follow these paths, calculate the correct costs, and to optimize the system. The 

method used for evaluating utility costs has a dramatic effect on project economics, and 

therefore the investment decision. Improper utility pricing can lead to bad decisions; good 

projects can be discarded, and bad projects can be implemented. Regrettably, this is relatively 

common. To avoid such mistakes, it is imperative that plant engineers and managers use 

appropriate methods for steam pricing, taking into account all the parameters that impact 

energy costs, fuel, condensation, power generation, and cooling water when evaluating the 

project. 

The need to save energy is now necessary due to the recent increase in fuel and energy costs. 

The market strategy of Isegen SA (Pty) Ltd is to be one of the low-cost Malic Acid producers 

in order to maintain global competitiveness. However, Isegen has found it very difficult to 

maintain global competitiveness due to the significant rise in fuel and energy cost. Thus, 

optimizing the energy efficiency of the factory provides a very high potential to reduce their 

product prices while maintaining the quality. 

Isegen SA (Pty) Ltd is using Sasol natural gas as a boiler consumption fuel. Department of 

Energy (2013) noted that the benefits of using natural gas are multiple and include inter alia 

being cleaner-burning, offering reduced emissions, and being consistent with regard to the 

quality/energy content. 

6.1 Natural Gas 

According to Sasol, the natural gas primarily consists of methane. It is found in deep onshore 

or offshore underground natural rock formations as a conventional gas or trapped within 
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impermeable rock formations as unconventional shale gas. In its natural state, it can be 

transported in pipelines; or it can also be liquefied by refrigeration to produce Liquefied 

Natural Gas (LNG) for alternative transportation purposes. 

South Africa has a history of gas as an energy source dating back to 1892. In 1966 the South 

African gas distribution company (now Sasol Gas) was formed to market and distribute 

pipeline gas on a broader scale. Initially, gas was sourced from industrial coal to gas processes. 

In 2004 the first natural gas from Mozambique arrived in Secunda through the over-border 

pipeline. Today the bulk of gas is supplied from natural (imported) sources as opposed to 

synthetically (locally) produced sources. South Africa has gas trade agreements with Namibia 

and Mozambique. Currently, natural gas is supplied from the Temane and Pande Mozambican 

gas field to South Africa. 

According to the Department of Energy (2017), natural gas is already used in South Africa to 

produce diesel at the Mossel Bay facility as well as natural gas supplemented Coal-to-Liquid 

(CTL) at Sasol in Secunda. By expanding the Mossel Bay facility capability for South Africa, 

more liquid fuel in the form of diesel is produced locally. In 2001, the government of South 

Africa and Sasol Limited signed an agreement concerning the Mozambican gas pipeline. Sasol, 

which dominates the piped gas market in South Africa, has been exempted from regulated 

pricing for the past 10 years as the provisions of the agreement have prevailed over the Gas 

Act since 2004. The rationale was, among others, to promote the development of a 

commercial and competitive piped gas industry with active participation by the private sector, 

while at the same time introducing natural gas into the South African economy at the lowest 

cost and as fast as possible. 

As per Greenpeace - The Advanced Energy Revolution (2015), the gas industry is a capital-

intensive industry and Sasol and its partners have invested over R21 billion in the natural gas 

industry to date and continue to make further investments. The manufacturing circle 

estimates that gas accounted for about 20 % of input costs for some large manufacturers, 

and major users consumed 59 % of gas Sasol supplied to the domestic market. 
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Table 6.1 presents the South African historical natural gas prices supplied by Sasol Gas for 

2017. The tariffs are grouped into six customers of average annual consumption measured in 

Rand per Gigajoule. 

Table 6.1: 2017 monthly natural gas price in Rand per Gigajoule 
(https://www.sapia.org.za/Overview/Old-fuel-prices). 

 

The national Energy Regulations only approves a price ceiling, implying that the actual price 

charged to customers should not exceed the maximum price. Actual price is determined 

based on contractual negotiations between a licensee and its customers, and the negotiated 

price should comply with section 22 of the Gas Act. 

6.2 Effects of the steam tracing and plant downtime 

Isegen has challenges of the frequent downtime on the foods plant section. Production is lost 

due to inefficient operation of the steam trace lines which use the steam supplied by the 

steam system.  

When product in a pipeline is at a higher temperature than the air surrounding it, heat will 

pass through the wall of the pipeline from the product to the surrounding air. This heat loss 

will cause the temperature of the product to fall. Insulating the pipeline will lower the rate at 

which heat is lost, but unfortunately, no insulation is 100 % efficient. To make up the heat 

lost from the product pipeline, the steam tracer lines are attached to the product line. 

However, due to the condensate that was measured during the experiment from the steam 
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mains and the heat loss that was predicted on the numerical analysis that would affect the 

steam tracing to be inefficient. 

 

The blockages that occur in the product pipeline prevent the transport of substances and 

need to be removed on a regular basis to ensure smooth operation and that leads to 

downtime of the plant to clear the lines and also lost production due to the downtime. These 

cases normally occur at night when the ambient temperatures are low and to resolve the 

situations it normally takes the company two days. To clear the pipeline blockage, Isegen 

normally used the mechanical processes of gas flame heating and high-pressure cleaning, this 

method is used because it is much safer and it is effective against solid blockages.   

6.2.1 Production loss 

 Based on the information that was provided by Isegen, the Foods plant produces 14 000 tons 

of Malic Acid a year, each ton cost about 𝑅850,00. According to Isegen, the average major 

downtimes that occur annually are 14 times. Therefore, a month the plant produces 1167 

tonnes and a day produces about 38 tons of Malic Acid. 

6.2.2 Daily production loss 

𝐶𝑜𝑠𝑡 𝑙𝑜𝑠𝑠 𝑝𝑒𝑟 𝑑𝑎𝑦 = 38 𝑡𝑜𝑛𝑒𝑠 𝑥 𝑅850 = 𝑅32 300.00 

6.2.3 Annually production loss due to a number of downtimes  

𝐴𝑛𝑛𝑢𝑎𝑙𝑙𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠 = 𝑅32 300 𝑥 14 = 𝑅452 200.00 

6.3 Heat Loss in an Insulated Pipe  

The expected heat loss through the insulated pipeline was obtained by inputting the basic 

information into the model shown in chapter four, such as the ambient temperature, wind 

speed, and material properties. In the model, the heat loss of the pipeline system was seen 

to increase as the insulation thickness decreased. This is in line with the general heat transfer 

theory relating to Fourier's Law in relation to cylindrical heat transfer. 
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6.3.1 Savings due to Insulation replacement 

The annual heat energy loss cost from a pipe with 50 𝑚𝑚 thick insulation compared with a 

75 𝑚𝑚 thick insulation was determined seen in Tables 6.2 and 6.3, assuming a system 

operating for 7320 hours a year. The current maximum price value of natural gas is 

𝑅135.07 per 𝐺𝐽. 

𝐴𝑛𝑛𝑢𝑎𝑙 𝐻𝑒𝑎𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑠 𝐶𝑜𝑠𝑡 = ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠 𝑥 𝐹𝑢𝑒𝑙 𝑐𝑜𝑠𝑡 𝑥 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 𝑎 𝑦𝑒𝑎𝑟 

Table 6.2: Heat Energy at 50mm thick of Insulation. 

Thickness of 
Insulation 50 mm    

Wind Speed (m/s) Heat Loss (kW) Fuel Cost 
per (R/kJ) 

Number of 
Hours/year 

Heat Energy 
Loss Cost 
(R/Year) 

3 35.54 0.00013507 7320 R126,489.22 

4 36.46 0.00013507 7320 R129,777.09 

5 37.15 0.00013507 7320 R132,230.86 

6 37.70 0.00013507 7320 R134,175.77 

7 38.15 0.00013507 7320 R135,776.99 

8 38.53 0.00013507 7320 R137,130.33 

9 38.85 0.00013507 7320 R138,296.44 

10 39.14 0.00013507 7320 R139,316.29 

 

Table 6.3: Heat Energy at 75mm thick of Insulation. 

Thickness of 
Insulation  75mm    

Wind Speed (m/s) Heat Loss (kW) Fuel Cost 
per (R/kJ) 

Number of 
Hours/year 

Heat Energy 
Loss Cost 
(R/Year) 

3 27.66 0.00013507 7320 R98,462.26 

4 28.38 0.00013507 7320 R101,007.10 

5 28.93 0.00013507 7320 R102,979.23 

6 29.38 0.00013507 7320 R104,584.00 

7 29.76 0.00013507 7320 R105,930.91 

8 30.09 0.00013507 7320 R107,086.17 

9 30.37 0.00013507 7320 R108,093.20 

10 30.62 0.00013507 7320 R108,982.18 
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𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝐶𝑜𝑠𝑡 𝑆𝑎𝑣𝑖𝑛𝑔 = 50 𝑚𝑚 ℎ𝑒𝑎𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑠 𝑐𝑜𝑠𝑡 − 75 𝑚𝑚 ℎ𝑒𝑎𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑠 𝑐𝑜𝑠𝑡  

Table 6.4: Total energy saving due to insulation results. 

Wind Speed (m/s) 50mm Heat 
Energy Loss Cost 

(R/Year) 

75mm Heat 
Energy Loss 

Cost 
(R/Year) 

Thickness 
Cost 

Saving 
(R/Year) 

Difference 
Percentage      

(%) 

3 R126,489.22 R98,462.26 R28,026.96 22 

4 R129,777.09 R101,007.10 R28,769.99 22 

5 R132,230.86 R102,979.23 R29,251.63 22 

6 R134,175.77 R104,584.00 R29,591.76 22 

7 R135,776.99 R105,930.91 R29,846.08 22 

8 R137,130.33 R107,086.17 R30,044.16 22 

9 R138,296.44 R108,093.20 R30,203.24 22 

10 R139,316.29 R108,982.18 R30,334.12 22 

Average R29,508.49 22 

 

This measure can be to use thicker insulating material or to make a careful analysis of the 

proper insulation material. Crucial factors in choosing insulating material including a low 

thermal conductivity, dimensional stability under temperature change, resistance to water 

absorption, and resistance to combustion. Improving the insulation on the existing pipeline 

of heat distribution systems could save an average of 22 % of energy loss costs due to thicker 

insulation. 

6.4 Upgrade cost proposed project 

It was recommended to Isegen that it would be ideal to implement the upgrades on the 

existing steam pipeline in order to minimise the heat loss and the condensate. Each 

improvement implemented will affect the savings realised by the other improvements. The 

steam pipeline upgrade proposal cost is shown in the table below, the more detailed 

documents are provided on the relevant appendixes as it was recommended in chapter 5.   

Table 6.5: Steam pipeline upgrade proposal cost. 

Item Work Reference Cost 
1 Steam Pipeline inspection and design work Appendix N R277 357.00 

2 Steam pipeline upgrade Appendix O R141 174.00 

3 Cost of insulation and cladding installation  Appendix P R275 632.00 

The total cost of the upgrade R697 163.00 
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6.5 Payback period 

The payback period has been determined after carefully considering all the important factors 

that caused the heat loss and production losses, however, it was very important to consult 

other experts to assist with the cost in upgrading the steam pipeline system. Thus, the 

payback period is the simplest method to assess the risk associated with the investment and 

the time required to get the initial outlay recovered. The payback period is calculated as 

follows, 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 = 𝐼𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑡   

𝐴𝑛𝑛𝑢𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 = 𝑅29 508,49 + 𝑅452 200,00 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 = 𝑅481 708,49 

Therefore, 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 (𝑦𝑒𝑎𝑟𝑠) = 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑝𝑟𝑜𝑗𝑒𝑐𝑡/ 𝐴𝑛𝑛𝑢𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 (𝑦𝑒𝑎𝑟𝑠) = 𝑅697 163,00/𝑅481 708,49 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 (𝑦𝑒𝑎𝑟𝑠) = 1,45 𝑦𝑒𝑎𝑟𝑠 

Isegen will be recovered in approximately one and a half years which seems a reasonable 

payback duration for the type of investment.  

6.6 Results Discussions   

Accurately determining energy saving due to insulation is important for monitoring and 

managing energy use in a plant, for evaluating proposed design changes to the generation of 

steam and for continuing to identify competitive advantages through plant efficiency 

improvements. By comparing the current pipeline system and the model prediction system 

on the insulation energy results, a 22 % difference was found. As a result, energy can be saved 

by increasing the thickness of the insulation from 50 to 75 𝑚𝑚.  

The main opportunities for improvement were found to be inefficient operation of the steam 

trace lines and steam pipeline modification, improvement of the insulation thickness and the 

estimated direct cost is approximately about 𝑅697 163.00, However, by implementing this 
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upgrade proposal will result in improving economic performance for businesses through 

sustainable business practices. 

The energy savings and efficient condensate recovery are very vital for Isegen SA (Pty) Ltd 

since most of the heating systems are indirect steam. This means a large quantity of the 

sensible heat energy of the steam distributed into the factory is not fully recovered due to 

the leaks on the condensate system. Therefore, it is necessary for Isegen to implement this 

study to save fuel consumption and production lost and also steam usage. 
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Chapter Seven   

7.1 Conclusions 

This study aimed to investigate the effect of the atmospheric conditions on the temperature 

drop across heat treatment systems. A numerical analysis model was developed to investigate 

the heat energy losses and condensate generation during the transport of steam through the 

plants main insulated steam pipeline, between the boiler house and process area of the plant. 

The experimental data was also captured for comparison between the model prediction 

condensate and the measured condensate.  

The total heat loss along the 250 𝑚 long saturated steam pipeline calculations were 

successfully obtained and were compared to the Spirax Sarco data. During the analysis of the 

effects of the ambient temperature and wind speed on the heat loss of the pipeline, it was 

proven that as the ambient temperature decreased the heat loss increased, and as the 

ambient temperature increased the heat loss decreased. It can also be seen that as the wind 

speed increased the heat loss increased. Furthermore, the effects of the insulation on the 

heat loss of the pipeline system were also investigated. The model shows that the heat loss 

of the pipeline system increases as the insulation thickness decreases and also as the wind 

speed increases. Furthermore, if the thickness of the insulation increases the heat loss 

decreases and that is resulting in less heat transfer to the ambient air. Based on the model 

prediction results it was recommended to use 75 𝑚𝑚 thickness of insulation to minimise the 

heat losses.   

The condensate rate was physically measured during the experiment and was also 

investigated in the numerical model data. The model's predicted condensate was matching 

up with the Spirax Sarco published data with only a 0.12 % difference. However, the 

condensate that was measured during the experiment was found to be 2.9 times compared 

to the model prediction condensate rate data. It can be seen that the condensate measured 

data values and the numerical prediction do not correlate.  
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The cost analysis conducted was based on the heat energy loss and production lost. An in-

depth analysis has been carried out to observe insight into factors that influence capital 

budgeting decisions. The results of the survey and its analysis have been provided in chapter 

6. The cost analysis represents a reasonable payback period of approximately 1.45 years. This 

led Isegen SA (Pty) Ltd to consider implementing this research in their factory (see Appendix 

R for the Management of Change Form). Our research suggests that even a proactive 

maintenance program can save considerable amounts of energy. 

7.2 Future work 

The present study of investigating the effect of the atmospheric conditions on the 

temperature drop across heat treatment systems (piping and vessels) can be extended to 

study further in future. The work initiated in this thesis can be continued in various directions 

that may be generally classified as experimental infrastructure improvement and 

development, as well as experimental validation methodology and performance. This future 

work can expand the scope of the experimental studies and complete the validation of the 

mathematical models. 

The improvements and future developments of the experimental infrastructure can be 

summarized in the following guidelines. 

▪ Data on the condition of the steam system and the return of condensation should be 

conducted in at least three similar plants. 

▪ Improved water management. 

▪ Chemical savings. 

The savings estimated in the study were cumulative and based upon the operating 

parameters stated. Each improvement implemented will affect the savings realized by the 

other improvements. When evaluated alone, each improvement concept would likely have 

an even bigger individual saving than calculated in this study. 

It is recommended to bring to action the methodology that has been proposed in chapter five. 

This methodology is applicable to steam efficiency improvement project activities with the 

following conditions 
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▪ Steam efficiency is improved by replacement and/or repair of a 15 mm drain pipe 

connected directly to the bottom of a main by an at least 50 mm for larger mains 

and this allows space below for any dirt and scale to settle and the return collection 

and re-utilization of condensation. 

▪ The regular maintenance of steam traps or the return of condensation is not common 

practice or required under regulations in the respective country. 

▪ Data on the condition of steam traps and the return of condensation is accessible in 

at least three similar other plants. 

▪ Replace the insulation and the cladding sheets. 

For more information regarding the proposed methodology and its consideration please see 

in chapter five from 5.6 to 5.8. This baseline methodology shall be used in conjunction with 

the approved monitoring methodology steam system efficiency improvements by replacing 

steam smaller drain pipeline from the main with the bottom of the pocket that may be fitted 

with a removable flange or blowdown valve for cleaning purposes. 
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APPENDICES 

Appendix A: The thermal conductivity of various materials 

Table 14: Table 20A: The thermal conductivity of various materials 
(http://www.spiraxsarco.com). 
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Appendix B: Reference Data Steam Condensation  

According to Spirax Sarco, the steam condensate for 100 𝑚 insulated steam main pipeline 

can be expressed as follows: 

𝑚̇𝑠 =  
3.6 𝑄̇𝐿𝑓

ℎ𝑓𝑔
 (𝑘𝑔/ℎ) 

For further reference: https://www.spiraxsarco.com/learn-about-steam/steam-engineering-

principles-and-heat-transfer/steam-consumption-of-pipes-and-air-heaters#article-top  

Steam condense as heat is lost from the pipe to the environment. The rate of condensation 

depends on the steam temperature, the ambient temperature and the efficiency of the 

lagging. 

Input Value Units 

𝑄̇= 1925 W/m 

The Factor that provides a solution in kg/h= 3.6   

L= 100.6 m 

f= 0.07   

hfg 1945 kJ/kg 

𝑚̇𝑠 25.09 kg/h 
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Appendix C: The properties of dry air at low pressure 

Table 15: The properties of dry air at low pressure (Rogers and Mayhew, 1995) 
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Appendix D: The properties of water and steam 

Table 16: The properties of water and steam (Rogers and Mayhew, 1995) 
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Appendix E: The steam table 

Table 17E: The steam table (Rogers and Mayhew, 1995) 
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Appendix F: The Insulation Thermal Conductivity of Mineral wool 

Table 18F: The insulation thermal conductivity of mineral wool (www.isover.co.za). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 14/09/2018 between 14:00 to 23:00, (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 15/09/2018 between 02:00 to 11:00,  (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 15/09/2018 between 14:00 to 23:00, (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 16/09/2018 between 02:00 to 11:00, (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 17/09/2018 between 02:00 to 11:00, (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 17/09/2018 between 14:00 to 23:00, (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 18/09/2018 between 02:00 to 11:00, (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 18/09/2018 between 14:00 to 23:00, (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 19/09/2018 between 02:00 to 11:00, (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 19/09/2018 between 14:00 to 23:00, (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 20/09/2018 between 02:00 to 11:00, (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 20/09/2018 between 14:00 to 23:00, (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix G: The boiler trend overview of the flow pressure and operating temperature; steam flow  

On the 21/09/2018 between 02:00 to 11:00, (Siemens Win CC of Isegen SA Pty Ltd). 
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Appendix H: The Boiler Steam Distribution System. 
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Appendix I: The Steam Trap Range. 

Table 19I: The steam trap table range (http://www.spiraxsarco.com). 
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Appendix J: Durban annual mean wind speeds at different hub heights  

Characterisation of wind speed series and power in Durban - Scientific Figure on 

ResearchGate. Available from: https://www.researchgate.net/figure/Annual-mean-

wind-speeds-at-different-hub-heights_fig4_319995530  [accessed 15 Sep, 2018] 
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https://www.researchgate.net/figure/Annual-mean-wind-speeds-at-different-hub-heights_fig4_319995530
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Appendix K: Durban ambient temperatures by month (https://en.climate-

data.org) 
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Appendix L: Typical heat losses from insulated pipes (W/m) 

Table 20: Typical heat losses from insulated pipes 
(https://www.spiraxsarco.com/learn-about-steam/steam-distribution/air-venting-
heat-losses-and-a-summary-of-various-pipe-related-standards) 
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Appendix M: Numerical model data heat loss calculations at the ambient temperature of 20℃ and wind speed of 4m/s. 

Table 21: Numerical model data heat loss calculations at the average ambient temperature of 20℃ and wind speed of 4m/s. 

 

 

 

 

 

 

 

 

 

 

The total heat loss of the steam pipeline based on the current conditions is thus obtained as Pressure loss = 0.1 b/100m ref : https://www.spiraxsarco.com/learn-about-steam/steam-distribution/pipes-and-pipe-sizing at figure 10.2.7

Input

Condensate 

drain point at 

100m

Equivalent 

length of 

pipe 

fittings

Condensate 

drain point 

at 200m

Manmanifold 

uninsulated 

pipeline 

systems

Units

Psat (abs) = 15.450 15.440 15.430 15.420 15.410 15.400 15.390 15.380 15.370 15.360 15.350 15.340 15.331 15.331 15.321 15.311 15.301 15.291 15.281 15.271 15.261 15.251 15.241 15.241 15.231 15.221 15.211 15.201 bar

ts= 200.1 200.1 200.0 200.0 200.0 199.9 199.9 199.8 199.8 199.7 199.7 199.6 199.6 199.6 199.5 199.5 199.4 199.4 199.3 199.3 199.2 199.2 199.1 199.1 199.1 199.0 199.0 198.9 ⁰C

ta= 20 ⁰C

hi= 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 W/m2K

ho= 18.0378 W/m2K

kc= 43 W/mK

kins= 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 W/mK

kclad(Alum)= 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 W/mK

r1= 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.10137 m

r2= 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.10955 m

r3= 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 m

r4= 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 m

132.56 132.53 132.49 132.46 132.43 132.39 132.36 132.32 132.28 132.25 132.21 132.18 1109.14 132.14 132.10 132.07 132.03 131.99 131.96 131.92 131.89 131.85 1106.41 131.81 131.78 131.74 131.71 1443.72 W/m

L= 10 10 10 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 1.5 m

1.33 1.33 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.24 0.72 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.23 0.71 1.32 1.32 1.32 1.32 2.17 kW

tsurf= 28.6 28.6 28.6 28.6 28.6 28.6 28.6 28.6 28.6 28.6 28.6 28.6 91.9 28.6 28.6 28.6 28.6 28.6 28.6 28.5 28.5 28.5 91.7 28.5 28.5 28.5 28.5 113.6 ⁰C

Theoritical 

Condensate 

running load 0.0071 kg cond/s 25.61 kg/h

Measured 

Condensate 

running load 0.0203 kg cond/s 73.20 kg/h 2.86 x as much

Total 

Heat loss 36.46 kW

NB150 Insulated Steam Pipeline Section

NB150 Insulated 

Steam Pipeline 

Section

NB150 Insulated Steam Pipeline Section NB150 Insulated Steam Pipeline Section
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Appendix M: Numerical model data heat loss calculations at the ambient temperature of 20℃ and wind speed of 5m/s.  

Table 22: Numerical model data heat loss calculations at the average ambient temperature of 20℃ and wind speed of 5m/s. 

 

 

 

 

 

 

 

 

 

 

 

The total heat loss of the steam pipeline based on the current conditions is thus obtained as Pressure loss = 0.1 b/100m ref : https://www.spiraxsarco.com/learn-about-steam/steam-distribution/pipes-and-pipe-sizing,figure 10.2.7

Input

Condensate 

drain point 

at 100m

Equivalent 

length of 

pipe fittings

Condensate 

drain point 

at 200m

Manmanifold 

uninsulated 

pipeline 

systems

Units

Psat (abs) = 15.450 15.440 15.430 15.420 15.410 15.400 15.390 15.380 15.370 15.360 15.350 15.340 15.331 15.331 15.321 15.311 15.301 15.291 15.281 15.271 15.261 15.251 15.241 15.241 15.231 15.221 15.211 15.201 bar

ts= 200.1 200.1 200.0 200.0 200.0 199.9 199.9 199.8 199.8 199.7 199.7 199.6 199.6 199.6 199.5 199.5 199.4 199.4 199.3 199.3 199.2 199.2 199.1 199.1 199.1 199.0 199.0 198.9 ⁰C

ta= 20 ⁰C

hi= 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 W/m2K

ho= 21.5872 W/m2K

kc= 43 W/mK

kins= 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 W/mK

kclad(Alum)= 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 W/mK

r1= 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.10137 m

r2= 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.10955 m

r3= 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 m

r4= 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 m

133.61 133.57 133.54 133.51 133.47 133.44 133.40 133.37 133.33 133.29 133.26 133.22 1241.33 133.19 133.15 133.11 133.07 133.04 133.00 132.96 132.93 132.89 1238.26 132.86 132.82 132.78 132.75 1616.44 W/m

L= 10 10 10 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 1.5 m

1.34 1.34 1.34 1.34 1.33 1.33 1.33 1.33 1.33 1.33 1.33 1.25 0.80 1.33 1.33 1.33 1.33 1.33 1.33 1.33 1.33 1.24 0.80 1.33 1.33 1.33 1.33 2.42 kW

tsurf= 27.2 27.2 27.2 27.2 27.2 27.2 27.2 27.2 27.2 27.2 27.2 27.2 87.2 27.2 27.2 27.2 27.2 27.2 27.2 27.2 27.2 27.2 87.1 27.2 27.2 27.2 27.2 107.5 ⁰C

Theoritical 

Condensate 

running load 0.0072 kg cond/s 25.96 kg/h

Measured 

Condensate 

running load 0.0203 kg cond/s 73.20 kg/h 2.82 x as much

Total 

Heat loss 37.15 kW

NB150 Insulated Steam Pipeline Section

NB150 Insulated 

Steam Pipeline 

Section

NB150 Insulated Steam Pipeline Section NB150 Insulated Steam Pipeline Section
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Appendix M: Numerical model data heat loss calculations at the ambient temperature of 20℃ and wind speed of 6m/s.    

Table 23: Numerical model data heat loss calculations at the average ambient temperature of 20℃ and wind speed of 6m/s. 

 

 

 

 

 

 

 

 

 

 

 

The total heat loss of the steam pipeline based on the current conditions is thus obtained as Pressure loss = 0.1 b/100m ref : https://www.spiraxsarco.com/learn-about-steam/steam-distribution/pipes-and-pipe-sizing,figure 10.2.7

Input

Condensate 

drain point at 

100m

Equivalent 

length of 

pipe fittings

Condensate 

drain point 

at 200m

Manmanifold 

uninsulated 

pipeline 

systems

Units

Psat (abs) = 15.450 15.440 15.430 15.420 15.410 15.400 15.390 15.380 15.370 15.360 15.350 15.340 15.331 15.331 15.321 15.311 15.301 15.291 15.281 15.271 15.261 15.251 15.241 15.241 15.231 15.221 15.211 15.201 bar

ts= 200.1 200.1 200.0 200.0 200.0 199.9 199.9 199.8 199.8 199.7 199.7 199.6 199.6 199.6 199.5 199.5 199.4 199.4 199.3 199.3 199.2 199.2 199.1 199.1 199.1 199.0 199.0 198.9 ⁰C

ta= 20 ⁰C

hi= 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 W/m2K

ho= 24.9999 W/m2K

kc= 43 W/mK

kins= 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 W/mK

kclad(Alum)= 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 W/mK

r1= 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.10137 m

r2= 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.10955 m

r3= 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 m

r4= 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 m

134.34 134.31 134.28 134.24 134.21 134.18 134.14 134.10 134.07 134.03 133.99 133.95 1353.21 133.92 133.88 133.85 133.81 133.77 133.73 133.70 133.66 133.62 1349.87 133.59 133.55 133.51 133.48 1762.74 W/m

L= 10 10 10 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 1.5 m

1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.25 0.87 1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.25 0.87 1.34 1.34 1.34 1.33 2.64 kW

tsurf= 26.3 26.3 26.3 26.3 26.3 26.3 26.3 26.3 26.3 26.3 26.3 26.3 83.3 26.3 26.3 26.3 26.3 26.3 26.3 26.3 26.2 26.2 83.1 26.2 26.2 26.2 26.2 102.4 ⁰C

Theoritical 

Condensate 

running load 0.0073 kg cond/s 26.23 kg/h

Measured 

Condensate 

running load 0.0203 kg cond/s 73.20 kg/h 2.79 x as much

Total 

Heat loss 37.70 kW

NB150 Insulated Steam Pipeline Section

NB150 Insulated 

Steam Pipeline 

Section

NB150 Insulated Steam Pipeline Section NB150 Insulated Steam Pipeline Section
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Appendix M: Numerical model data heat loss calculations at the ambient temperature of 20℃ and wind speed of 7m/s. 

Table 24: Numerical model data heat loss calculations at the average ambient temperature of 20℃ and wind speed of 7m/s. 

 

 

 

 

 

 

 

 

 

 

The total heat loss of the steam pipeline based on the current conditions is thus obtained as Pressure loss = 0.1 b/100m ref : https://www.spiraxsarco.com/learn-about-steam/steam-distribution/pipes-and-pipe-sizing,figure 10.2.7

Input

Condensate 

drain point 

at 100m

Equivalent 

length of 

pipe fittings

Condensate 

drain point 

at 200m

Manmanifold 

uninsulated 

pipeline 

systems

Units

Psat (abs) = 15.450 15.440 15.430 15.420 15.410 15.400 15.390 15.380 15.370 15.360 15.350 15.340 15.331 15.331 15.321 15.311 15.301 15.291 15.281 15.271 15.261 15.251 15.241 15.241 15.231 15.221 15.211 15.201 bar

ts= 200.1 200.1 200.0 200.0 200.0 199.9 199.9 199.8 199.8 199.7 199.7 199.6 199.6 199.6 199.5 199.5 199.4 199.4 199.3 199.3 199.2 199.2 199.1 199.1 199.1 199.0 199.0 198.9 ⁰C

ta= 20 ⁰C

hi= 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 W/m2K

ho= 28.3029 W/m2K

kc= 43 W/mK

kins= 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 W/mK

kclad(Alum)= 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 W/mK

r1= 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.10137 m

r2= 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.10955 m

r3= 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 m

r4= 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 m

134.89 134.86 134.82 134.79 134.76 134.72 134.69 134.65 134.61 134.58 134.54 134.50 1449.66 134.47 134.43 134.39 134.36 134.32 134.28 134.24 134.21 134.17 1446.08 134.13 134.10 134.06 134.02 1888.94 W/m

L= 10 10 10 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 1.5 m

1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.26 0.94 1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.34 1.26 0.93 1.34 1.34 1.34 1.34 2.83 kW

tsurf= 25.6 25.6 25.6 25.6 25.6 25.6 25.6 25.6 25.6 25.6 25.6 25.6 79.9 25.6 25.6 25.6 25.5 25.5 25.5 25.5 25.5 25.5 79.7 25.5 25.5 25.5 25.5 98.0 ⁰C

Theoritical 

Condensate 

running load
0.0073 kg cond/s 26.44 kg/h

Measured 

Condensate 

running load 0.0203 kg cond/s 73.20 kg/h 2.77 x as much

Total 

Heat loss 38.15 kW

NB150 Insulated Steam Pipeline Section

NB150 Insulated 

Steam Pipeline 

Section

NB150 Insulated Steam Pipeline Section NB150 Insulated Steam Pipeline Section
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Appendix M: Numerical model data heat loss calculations at the ambient temperature of 20℃ and wind speed of 8m/s.  

Table 25: Numerical model data heat loss calculations at the average ambient temperature of 20℃ and wind speed of 8m/s. 

 

 

 

 

 

 

 

 

 

 

 

The total heat loss of the steam pipeline based on the current conditions is thus obtained as Pressure loss = 0.1 b/100m ref : https://www.spiraxsarco.com/learn-about-steam/steam-distribution/pipes-and-pipe-sizing,figure 10.2.7

Input

Condensate 

drain point at 

100m

Equivalent 

length of 

pipe fittings

Condensate 

drain point at 

200m

Manmanifold 

uninsulated 

pipeline 

systems

Units

Psat (abs) = 15.450 15.440 15.430 15.420 15.410 15.400 15.390 15.380 15.370 15.360 15.350 15.340 15.331 15.331 15.321 15.311 15.301 15.291 15.281 15.271 15.261 15.251 15.241 15.241 15.231 15.221 15.211 15.201 bar

ts= 200.1 200.1 200.0 200.0 200.0 199.9 199.9 199.8 199.8 199.7 199.7 199.6 199.6 199.6 199.5 199.5 199.4 199.4 199.3 199.3 199.2 199.2 199.1 199.1 199.1 199.0 199.0 198.9 ⁰C

ta= 20 ⁰C

hi= 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 W/m2K

ho= 31.5147 W/m2K

kc= 43 W/mK

kins= 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 W/mK

kclad(Alum)= 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 W/mK

r1= 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.10137 m

r2= 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.10955 m

r3= 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 m

r4= 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 m

135.32 135.28 135.25 135.22 135.18 135.15 135.11 135.08 135.04 135.00 134.96 134.93 1534.00 134.89 134.85 134.82 134.78 134.74 134.71 134.67 134.63 134.59 1530.21 134.56 134.52 134.48 134.45 1999.36 W/m

L= 10 10 10 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 1.5 m

1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.26 0.99 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.26 0.99 1.35 1.35 1.34 1.34 3.00 kW

tsurf= 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 76.9 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 76.8 25.0 25.0 25.0 25.0 94.2 ⁰C

Theoritical 

Condensate 

running load 0.0074 kg cond/s 26.62 kg/h

Measured 

Condensate 

running load 
0.0203 kg cond/s 73.20 kg/h 2.75 x as much

Total 

Heat loss 38.53 kW

NB150 Insulated Steam Pipeline Section

NB150 Insulated 

Steam Pipeline 

Section

NB150 Insulated Steam Pipeline Section NB150 Insulated Steam Pipeline Section
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Appendix M: Numerical model data heat loss calculations at the ambient temperature of 20℃ and wind speed of 9m/s.  

Table 26: Numerical model data heat loss calculations at the average ambient temperature of 20℃ and wind speed of 9m/s. 

 

 

 

 

 

 

 

 

 

 

 

The total heat loss of the steam pipeline based on the current conditions is thus obtained as Pressure loss = 0.1 b/100m ref : https://www.spiraxsarco.com/learn-about-steam/steam-distribution/pipes-and-pipe-sizing,figure 10.2.7

Input

Condensate 

drain point at 

100m

Equivalent 

length of pipe 

fittings

Condensate 

drain point 

at 200m

Manmanifold 

uninsulated 

pipeline 

systems

Units

Psat (abs) = 15.450 15.440 15.430 15.420 15.410 15.400 15.390 15.380 15.370 15.360 15.350 15.340 15.331 15.331 15.321 15.311 15.301 15.291 15.281 15.271 15.261 15.251 15.241 15.241 15.231 15.221 15.211 15.201 bar

ts= 200.1 200.1 200.0 200.0 200.0 199.9 199.9 199.8 199.8 199.7 199.7 199.6 199.6 199.6 199.5 199.5 199.4 199.4 199.3 199.3 199.2 199.2 199.1 199.1 199.1 199.0 199.0 198.9 ⁰C

ta= 20 ⁰C

hi= 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 W/m2K

ho= 34.6491 W/m2K

kc= 43 W/mK

kins= 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 W/mK

kclad(Alum)= 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 W/mK

r1= 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.10137 m

r2= 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.10955 m

r3= 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 m

r4= 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 m

135.66 135.63 135.59 135.56 135.53 135.49 135.45 135.42 135.38 135.34 135.31 135.27 1608.60 135.23 135.20 135.16 135.12 135.08 135.05 135.01 134.97 134.93 1604.63 134.90 134.86 134.82 134.79 2097.08 W/m

L= 10 10 10 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 1.5 m

1.36 1.36 1.36 1.36 1.36 1.35 1.35 1.35 1.35 1.35 1.35 1.27 1.04 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.26 1.04 1.35 1.35 1.35 1.35 3.15 kW

tsurf= 24.6 24.6 24.6 24.6 24.6 24.6 24.6 24.6 24.6 24.6 24.6 24.6 74.3 24.6 24.6 24.6 24.6 24.6 24.6 24.6 24.6 24.6 74.1 24.6 24.5 24.5 24.5 90.8 ⁰C

Theoritical 

Condensate 

running load 0.0074 kg cond/s 26.77 kg/h

Measured 

Condensate 

running load 0.0203 kg cond/s 73.20 kg/h 2.73 x as much

Total 

Heat loss 38.85 kW

NB150 Insulated Steam Pipeline Section

NB150 Insulated 

Steam Pipeline 

Section

NB150 Insulated Steam Pipeline Section NB150 Insulated Steam Pipeline Section



 

 
130 

 

Appendix M: Numerical model data heat loss calculations at the ambient temperature of 20℃ and wind speed of 10m/s. 

Table 27: Numerical model data heat loss calculations at the average ambient temperature of 20℃ and wind speed of 10m/s. 

 

 

 

 

 

 

 

 

 

 

 

The total heat loss of the steam pipeline based on the current conditions is thus obtained as Pressure loss = 0.1 b/100m ref : https://www.spiraxsarco.com/learn-about-steam/steam-distribution/pipes-and-pipe-sizing,figure 10.2.7

Input

Condensate 

drain point at 

100m

Equivalent 

length of 

pipe fittings

Condensate 

drain point 

at 200m

Manmanifold 

uninsulated 

pipeline 

systems

Units

Psat (abs) = 15.450 15.440 15.430 15.420 15.410 15.400 15.390 15.380 15.370 15.360 15.350 15.340 15.331 15.331 15.321 15.311 15.301 15.291 15.281 15.271 15.261 15.251 15.241 15.241 15.231 15.221 15.211 15.201 bar

ts= 200.1 200.1 200.0 200.0 200.0 199.9 199.9 199.8 199.8 199.7 199.7 199.6 199.6 199.6 199.5 199.5 199.4 199.4 199.3 199.3 199.2 199.2 199.1 199.1 199.1 199.0 199.0 198.9 ⁰C

ta= 20 ⁰C

hi= 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 36.4235 W/m2K

ho= 37.7161 W/m2K

kc= 43 W/mK

kins= 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 W/mK

kclad(Alum)= 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 237 W/mK

r1= 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.07704 0.10137 m

r2= 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.08415 0.10955 m

r3= 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 0.13415 m

r4= 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 0.13615 m

135.94 135.91 135.87 135.84 135.81 135.77 135.73 135.70 135.66 135.62 135.59 135.55 1675.21 135.51 135.48 135.44 135.40 135.36 135.33 135.29 135.25 135.21 1671.08 135.18 135.14 135.10 135.07 2184.38 W/m

L= 10 10 10 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 10 10 10 10 9.354 0.646 10 10 10 10 1.5 m

1.36 1.36 1.36 1.36 1.36 1.36 1.36 1.36 1.36 1.36 1.36 1.27 1.08 1.36 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.26 1.08 1.35 1.35 1.35 1.35 3.28 kW

tsurf= 24.2 24.2 24.2 24.2 24.2 24.2 24.2 24.2 24.2 24.2 24.2 24.2 71.9 24.2 24.2 24.2 24.2 24.2 24.2 24.2 24.2 24.2 71.8 24.2 24.2 24.2 24.2 87.7 ⁰C

Theoritical 

Condensate 

running load 0.0075 kg cond/s 26.91 kg/h

Measured 

Condensate 

running load 
0.0203 kg cond/s 73.20 kg/h 2.72 x as much

Total 

Heat loss 39.14 kW

NB150 Insulated Steam Pipeline Section

NB150 Insulated 

Steam Pipeline 

Section

NB150 Insulated Steam Pipeline Section NB150 Insulated Steam Pipeline Section
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Appendix N: Cost of steam pipeline inspection and design 
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Appendix O: Cost of steam pipeline upgrade 
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Appendix P: Cost of new mineral wool and cladding and installation  
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Appendix Q: The steam pipeline sizing chart 

 Graph B: https://www.spiraxsarco.com/steam-distribution/pipes-and-pipe-

sizing 

 

https://www.spiraxsarco.com/steam-distribution/pipes-and-pipe-sizing
https://www.spiraxsarco.com/steam-distribution/pipes-and-pipe-sizing
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Appendix R: The letter of Acknowledgement (Change of Management). 

 

 

 

 

 


