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ABSTRACT

The petrochemical industry of South Africa is constantly developing and improving the necessary
heat exchanger designs. Heat exchangers play a crucial role within the petrochemical industry.
This equipment is necessary for heating or cooling fluids from one process before it can be used

for the following process.

Twisted tubes within shell-and-tube heat exchangers have been proven, within experimental
studies, to provide significant benefits to the potential of the heat exchanger’'s design. While
twisted tubes do not only provide a self-reinforcing design, they also provide a change in tube
side & shell side flow. This mentioned change in flow increases the ability of the heat exchanger

to provide better heat exchange to occur during an operating process.

While this study is only focused on shell-and-tube heat exchangers (STHE’s) and fixed tube
sheets within the heat exchangers, the study outcomes for the selected heat exchanger designs,
presented to be significant. Comparing the change in a single heat exchanger output, while only
changing the tube design from plain straight tubes to twisted tubes, provided significant

information for the petrochemical industry of South Africa.

This thesis has been completed using mathematical and thermal physics solutions for each heat
exchanger design. The calculations for the completion of the thesis have been done using
Engineering Equation Solver (EES). EES was also used to generate the graphed outputs used

for the validating comparisons and the comparisons between the two heat exchanger designs.

The EES calculation setups used within this study was validated using the data of other completed
studies. The validations done on each aspect of interest, presented to all be below a maximum
percentage error of 8%, which certifies that the EES calculation setups are accurately setup

compared to the outputs reached within the other completed studies.

Comparing the different outcomes found within this study, it was found that the twisted tube heat
exchanger generated a much higher tube side heat transfer coefficient than that of the plain tube
heat exchanger, however it was also concluded that the twisted tube heat exchanger generated

a higher tube side & shell side pressure drop than the plain tube heat exchanger.

Another conclusion found during the study analysis was that the twisted tube heat exchanger
generated a higher operating effectiveness. It was also clearly concluded by means of using the

data of a fully operational petrochemical plant in Mpumalanga, South Africa, that the twisted tube
i



is roughly 350 million rand more beneficial than the plain tube heat exchanger over a yearly

operational period, based on its generated effectiveness and heat transfer capabilities.

The findings of this thesis provide insightful outcomes and reasoning perspectives for engineers
and plant managers regarding the best selection of heat exchanger design for each petrochemical
process within Mpumalanga, South Africa. The thesis clearly stated the findings of performance
between the two heat exchanger designs, and the thesis motivates the viability for implementation

in petrochemical plants located in Mpumalanga, South Africa.
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CHAPTER 1 INTRODUCTION

1.1 Background

Plain tube shell-and-tube heat exchangers (PTSTHE’s) are currently dominating the South
African petrochemical industry with a global market share value of $23 billion (Market, Heat
Exchanger, 2024). The local market value for plain-tube STHE’s within South Africa is currently

standing at a value of $82.7 million since revenue calculations of 2024 (Horizon, 2025).

The value of STHE'’s within the global petrochemical industry grows at a 6% rate yearly, and has
reached a top market value of $18.94 billion within 2021 (HVAC, Chemicals and Petrochemicals,
Power Generation, 2021). The value of STHE’s within the petrochemical industry is estimated to
increase to a market value of $34.24 billion by 2031 (HVAC, Chemicals and Petrochemicals,
Power Generation, 2021). The value of shell-and tube heat exchangers currently within South

Africa is estimated to grow to a total value of $110.2 million at 2030 (Horizon, 2025).

Heat exchangers are commonly used within the petrochemical industry to heat or cool substances
or materials for required operating processes (Dusan & Ramesh, 2024). According to Alva Laval
(2002), a large petrochemical industry in South Africa has approximately 11 000 heat exchangers.
Heat exchangers play a vital role within the South African petrochemical industry. According to
Arnold Benade, "More efficient heat exchange means higher production". Being more efficient
and effective will result in a better performance of the heat exchanger by means of generating a
better heat transfer coefficient. The overall efficiency of heat exchangers is thus a key factor in
considering heat exchanger design and heat transfer within the petrochemical industry. Being
able to change the output temperature of two different mediums or materials in shorter time

periods will be more efficient and effective.
1.1.1 Schematic Overview of Shell-and-Tube Heat Exchanger

The operation behind heat transfer in shell-and-tube heat exchanger (STHE) consists basically of
one medium that travels through the tube bundle, while the other passes through the shell within
the STHE. For the best heat transfer, a counter current flow pattern is usually established. The
mediums move forward and exchange heat through the tube walls of the tube bundle. Heat
transfers from the heated medium to the cold medium according to thermodynamic principles
such as conduction and convection, which in this case occurs simultaneously, allows for accurate
heating or cooling of the process mediums. Total surface area, temperature differential, thermal
conductivity of the tube material, wall thickness, medium characteristics, and flow rate are some
of the variables that affect the rate of heat transfer within STHE (Samabh, et al., 2018).
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Figure 1: Visual illustration of the STHE counter-flow process (Abdullah, et al., 2019).

Heat exchangers are also very important in the petrochemical industry when considering energy
efficiency. They enable the recovery and reuse of heat, reducing energy costs, and improving the
overall efficiency of petrochemical processes. By exchanging heat transfer between different
streams, heat exchangers help optimise energy usage and minimise energy waste (Ahmed,
2024).

When optimising petrochemical processes, heat exchangers play a vital role. Heat exchangers
help maintain consistent temperatures within petrochemical equipment and systems, which is
critical to ensuring the proper operation of chemical reactions and other processes. They also

play a key role in maintaining the stability and efficiency of petrochemical plants.

In general, heat exchangers are a vital component of the petrochemical industry, playing a crucial
role in energy efficiency, process optimisation, and equipment maintenance. Without heat
exchangers, petrochemical processes would be less efficient, more costly, and more prone to

equipment failure.

A technique to increase the efficiency of STHE is the use of twisted tube bundles as seen in
Figure 2. Twisted tubes are passive heat-transfer enhancement devices that belong to the swirl-
flow device category. Through a variety of geometric flow designs, swirl-flow devices create forced
vortex fluid motion in constrained flow regimes. In each instance, enhanced heat transfer is
primarily caused by fluid agitation and mixing brought on by swirl flow. One attractive feature of
the twisted tube-induced swirl-flow is that, in contrast to previous techniques, it is produced by
the tube geometry rather than by an extra device that is fastened or affixed to the tube (Alsulaiei,
et al., 2021). They therefore don't need to be assembled, maintained, inspected, or cleaned with
any extra caution (Ljubicic, 2004).
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Figure 2: Schematic outline of twisted tube bundle within STHE (Liu, et al., 2023).

Another interesting aspect of the twisted tube bundle design is that the shell-side flow over the
tubes creates circulation and mixing on the shell side. The centrifugal force of spinning creates a
secondary flow circulation that impacts in-bundle flow, or flow between tubes. This affects the

occurring heat transfer, which causes an increase in heat transfer of the heat exchanger.

However, twisted tubes within STHE’s are not widely nor commonly used with the petrochemical
industry. Twisted tubes in STHE’s present different beneficial factors of consideration. Twisted
tube heat exchangers provide enormous opportunity for improved heat recovery and heat transfer

enhancement.

It is important to compare the performance between plain tube and twisted tube, and shell-and-
tube heat exchangers in the sense that it will provide a comparison between the two heat
exchanger designs within South Africa. The detailed research study will provide a comprehensive
comparison of their performance in terms of heat transfer efficiency, pressure drop, and overall
effectiveness. This information is crucial for engineers and designers in the industry to make
informed decisions when selecting or designing the most suitable heat exchanger for a specific

application.
1.2 Problem Statement

Currently, TTSTHE’s are not widely adopted within the petrochemical industry of South Africa. A
possible reason is that designers and engineers are not aware of the benefits that the twisted
tube design provides within the industry. However, the most common STHE design in South Africa
consists of the PTSTHE design.

Thus, a detailed research comparison between TTSTHE’s and PTSTHE's is required within the

petrochemical industry of South Africa in order to determine which technology provides superior



heat transfer efficiency, cost-effectiveness, and overall performance within the petrochemical

industry and applications of South Africa.
1.3 Goal

The goal of this research study is to contribute in detail to the available data on twisted tube
configurations and plain tube configurations within STHE, considering the petrochemical industry
of South Africa. The study aims to elaborate in detail on the benefits and disadvantages
considering the heat exchangers’ physical performance, as well as financial implications when
comparing twisted tube shell-and-tube heat exchangers (TTSTHE’s) and plain tube STHE’s within

the petrochemical industry of South Africa.
1.4 Research Objective

The effect of heat transfer within twisted tube and plain tube heat exchangers has not yet been
reached to its fullest potential. Heat transfer and heat exchanger efficiency are issues of growing
concern among the petrochemical industry in South Africa. Thus, a detailed research comparison
on the performance of PTSTHE’s and TTSTHE's will contribute to widening the field of selection
availabilities for plant operators when selecting the correct and accurate heat exchanger design

for their plant.

The purpose of the research study is to evaluate and utilise the operating performance of
PTSTHE’s and TTSTHE’s. Calculating optimising availabilities for the heat exchanger industry by
means of evaluating the heat transfer capabilities, flow optimisation, cost effectiveness,
manufacturing availability, and measuring the calculated heat transfer operating efficiency
between TTSTHE’s and PTSTHE'’s. The comparison of the researched and calculated data with
the previously concluded and conducted study results will contribute to an accurate result and

conclusion of this study.

Analysing a new field of study regarding the two different heat exchanger designs will contribute
to generating an understanding of the performance capabilities of a TTSTHE and a PTSTHE in

terms of a few different aspects.

e Understanding the cost effectiveness of each STHE design. This additional understanding
can help companies optimise their investment and operational costs. By comparing factors
such as the initial purchase price, maintenance requirements, and energy consumption,
organisations can make informed decisions to maximise their return on investment.

e Providing a wider range of knowledge regarding the energy efficiency of each STHE
design. A detailed research study between TTSTHE’s and PTSTHE’s can help identify
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which design offers better energy efficiency, thereby allowing companies to reduce their
energy consumption and environmental impact.

¢ Understanding the reliability and durability of each STHE design. By conducting a detailed
research study, engineers and designers can assess the performance of each design
under different operating conditions and determine which design offers better long-term
durability and reliability with respect to their specific operational needs.

¢ Comparing and analysing the operating performance of a TTSTHE versus a traditional
PTSTHE in terms of heat transfer efficiency, pressure drop, and overall performance.

e Providing insights into the feasibility and potential benefits of the use of twisted tube

technology in STHE’s in petrochemical applications and processes.

With respect to the above-mentioned reasoning, it can be seen that conducting a detailed
research study on TTSTHE’s and PTSTHE’s is important to gain a deeper understanding of their
performance and capabilities. This knowledge is essential for engineers, designers and
organisations to optimise their heat transfer processes, reduce costs, improve energy efficiency,

and drive innovation.

1.5 Method of Investigation

1. Research what has 2. Literature

been previously done
on the research topic.

comparison between
the advantages and
disadvantages

3. Modelling of plain
tube heat exchanger

4. Validation of plain
tube heat exchanger

5. Modelling of twisted
tube heat exchanger

6. Validation of twisted
tube heat exchanger

7. Analysing &
calculating plain tube
petrochemical operated
heat exchanger

Figure 3: Method of investigation

8. Analysing &
calculating twisted tube
petrochemical operated

heat exchanger

9. Comparing plain tube
to twisted tube,
petrochemical operated
output.




During the method of investigation, Figure 3, a thorough evaluation will be conducted between
the two heat exchanger designs, the plain tube heat exchanger design and the twisted tube heat
exchanger design, to evaluate the ability and performance capabilities of each design under
selected operating and design conditions to determine which design will be a better heat

exchanger design choice for certain petrochemical applications and processes.
1.6 Scope and Constraints
1.6.1 Scope

¢ Definition of the research problem and objectives.

The scope of the research study is to provide a detailed conclusion on the performance evaluation
of twisted tube and PTSTHE’s within the petrochemical industry of South Africa. The industry
requires a more elaborate, detailed proposal on the abilities and potential that the two different
STHE designs can provide. A detailed evaluation between the two heat exchanger designs will
contribute to increasing the ability to make decisions when designing a STHE for a certain

petrochemical process.

The research study will be conducted using the following method. A detailed step-by -step
presentation on the key process elements of investigation can be seen in the table below. The

table below contains the method of investigation as shown in the previous subsection.

e Description of the research methodology and approach.
Table 1: Method of investigation

Investigation Element | Methods

Research Research previously conducted studies related to the topic of interest
of the research study.

Obtain & identify Obtain all relevant information to be used and mention the details of
each. Identify an unanalysed field within each study to investigate
and improve upon.

Evaluate Evaluate the information obtained regarding the benefits and
disadvantages of each heat exchanger design.

Determine Determine the performance abilities of each heat exchanger design
under different operating and design conditions.

Generate Generate a comparison field to accurately identify the performance

of each design under the operating and design conditions evaluated.



Investigation Element = Methods

Compare Compare the results obtained with previous existing studies and/or
data, as well as with practically measured and determined results.
Conclusion Provide a detailed conclusion on each heat exchanger design and

performance according to their performance data evaluated.

o Identification of specific research questions or hypotheses.

In order to fully complete the aim of the detailed research study between the advantages and
benefits that twisted tube and PTSTHE’s provide within the petrochemical industry of South Africa,

the following questions have to be answered.

1. How and when will twisted tubes and/or plain tubes within a STHE prove to be beneficial
and the better design choice within the industry of interest?

2. How does the performance between the twisted tube design and the plain tube design
compare within the industry of interest?

3. Which design is more affordable for manufacture and maintenance, and how does the
relationship between cost and performance compare between the two heat exchanger
designs?

4. What are the design benefits of the TTSTHE design?

5. What are the design benefits of the PTSTHE design?

How does the efficiency between the two heat exchanger designs compare within the
industry of interest?

7. What design constraints does each heat exchanger design have in terms of operability
when considering limited space within the industry of interest?

8. Which heat exchanger design overall provides better energy savings within the industry

of interest?

o Explanation of the significance and contribution of the research study to the existing

body of knowledge.

This study will be beneficial to the industry by adding to the currently active information on twisted
and PTSTHE’s. The study will also be beneficial to the industry in the sense that the study will be
elaborating on the advantages that both these heat exchanger designs contribute to their
operating performance within the petrochemical industry. The research study can serve as a
valuable resource for knowledge sharing and collaboration within the industry. By sharing the
findings and generated results from the study with the industry, industry professionals and

operational energy plants can benefit from each evaluated heat exchanger design and learn from

7



experiences and best practices, leading to continuous improvement and innovation in the field of

heat exchange technology within the petrochemical industry, when considering twisted tube and
plain tube STHE design.

Overall, a detailed research study comparing the advantages of twisted tube and PTSTHE’s will

provide valuable information and insights that can benefit the industry in terms of performance

optimisation, cost savings, innovation, regulatory compliance, knowledge sharing, and many

other aspects.

o Details of any limitations or assumptions made in the study.

The limitations and assumptions made within this study are:

1.6.2

The study is limited to STHE'’s with fixed tube bundles.

The only mechanical tube designs of interest that will be evaluated are plain tubes and
twisted tubes.

The research study will only be conducted and based upon the petrochemical industry of
South Africa.

The tubes within the heat exchangers are smooth tubes.

Due to a limitation on research availability within South Africa on the topic of interest,
studies done in other countries considering the same industry have been used for the

literature review and validations done within this study.

Constraints

The study is calculated and focused on the following few constraints and conditions.

The study is conducted only on the petrochemical industry of South Africa, while focused
on the area of Mpumalanga.

The study is only focused and conducted for the tube side fluid Reynolds number range
of 4000 < Re < 15000.

The study is only focused on fixed tube STHE’s.

The study was conducted only for water as the tube side fluid, and steam as the shell side
fluid.

The study only focused on a single STHE, using the specified conditions and parameters
presented for this heat exchanger, while operating within the industry.

The twist pitch length and aspect ratio of the twisted tubes used within the analysis were
selected on a brief evaluation for each, and only the best performing parameter was

selected for the evaluation.



- The study is only analysed for industrial manufactured materials and supplies, which
included standardized lengths and manufactured components, considering the plain tube

and twisted tube designs.
1.7 Deliverables

This research study aims to enhance the existing data on the performance of twisted tube and
plain tube heat exchangers, particularly their respective advantages in the South African
petrochemical industry. The study aims to provide a comprehensive evaluation of the
petrochemical performance of twisted tube and plain tube heat exchanger designs. This research
will enhance the available data on these two types within the petrochemical industry by offering

detailed findings relevant to the current field of interest.



CHAPTER 2 LITERATURE REVIEW

Considering the literature review and previous research conducted on the topic of interest, it can
be seen that the aspects of importance have been previously studied and investigated, although
the studies that have been previously conducted on the aspects of relevance to this study only
aimed on the information of other countries. It is important to note that this study only focuses on

the petrochemical industry of South Africa and is limited to the information of Mpumalanga.

Twisted tube heat exchangers are developed apparatus that allow for the improvement of a more
efficient and economical industry. The design of twisted tube heat exchangers allows for heat
transfer to be conducted between two process mediums during a chemical or mechanical
process. This improves the recovery of heat during petrochemical processes and allows for

efficient temperature control on products during petrochemical operations.
2.1 Overview of Twisted Tube Shell-and-Tube Heat Exchangers

Within this section, a detailed overview is presented on twisted tubes in STHE’s. This section will
focus on elaborating on the performance techniques and design features that the twisted tube

design presents in STHE’s, considering the petrochemical industry.

The twisted tube heat exchanger is a design specific to STHE’s and is utilized in the petrochemical
industry. Although this technology is not yet fully developed in South Africa's petrochemical

sector, it has been successfully developed and installed in other countries.

Twisted tubes, Figure 4, fall under the swirl-flow device type and are passive heat-transfer
enchantment devices. Swirl-flow devices generate forced vortex fluid motion in confined flow
regimes through a range of geometric flow design (Figure 4). In every case, swirl-flow-induced
fluid agitation and mixing are the main causes of increasing heat transfer. One appealing aspect
of the twisted tube induced swirl-flow is that, unlike other methods, it is not created by an additional
device that is fastened or attached to the tube, but by the tube geometry (Alsulaiei, et al., 2021).
As a result, they do not require any special care when it comes to assembly, maintenance,

inspection, or cleaning (Ljubicic, 2004).
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Figure 4: Twisted tube swirl-flow enhancement with triangular and square tube pattern (Transfer, Koch Heat,
2024).

Heat transfer from the shell side and from the tube side is improved by means of the twisted tube
bundle. The fluid on the tube side is agitated and affected by varying fluid layer velocities, as well

as wall turbulence, causing a swirling effect (Liu, et al., 2023).

On the shell side, circulation and mixing are produced during the shell-side flow over the tubes.
In-bundle flow, flow in between tubes, is affected by a secondary flow circulation that is produced

by the centrifugal force of swirling.

According to (Ljubicic, 2004), when considering the twisted tube geometry on the in- and outside
of the tubes, the tubes are referred to as helically shaped. Ljubicic found that the helical tubes on
the inside and outside increase the overall heat transfer rate by two to three times while doubling
the hydraulic resistance. When these tubes are used, the heat exchanger size can be reduced by

30% while maintaining a similar heat exchange duty (Ljubicic, 2004).

When considering the twisted tube design, Geckointech (2024) found that there are a few
similarities that can be established between the material used for its manufacture. The
manufacturing material of the tubes is crucially important. The material properties will definitely
be considered when designing the STHE for the perfect application. The material for the twisted
tube assembly is not limited to certain materials, but can be manufactured from various materials

such as carbon steel, stainless steel, monel, brass, nickel, etc. (Geckointech, 2024).

Taking into account the mechanical characteristics of the twisted tube design, it can be
established that these tubes are firmly supported when considering their design and geometry,
while simultaneously allowing for well-distributed longitudinal flow along the length of the tube.
The twisted tube bundle offers total vibration resistance, making them more robust and industry

sustainable (Morgan, 1980).

The process of repairing twisted tubes in heat exchangers is the same as that for other

conventional plain tubes. The twisted tube assembly can be cleaned on the tube and shell sides.
11



Twisted tube heat exchangers do not foul as often when considering their higher turbulence and
wall-distributed flow without anchored zones, which is typically the case in baffled heat
exchangers. It was also concluded that twisted tubes are suitable for chemical cleaning, in which
the heat exchanger is cleaned using chemicals such as acids, alkalis, oxidants and solvents
(Morgan, 1980).

Analysing the swirl-like flow (Figure 5) that results from the twisted tube design, it is found that
there is a secondary flow in the twisted helical channels and an uneven cross-section flow in the
straight channels because of the anisotropy of turbulent stresses (Alsulaiei, et al., 2021).
Compared to slower particles near the wall, fluid particles near the tube axis have a higher velocity
and are subject to a greater centrifugal force, generating a large amount of kinetic energy. The
secondary flow that results is directed inwards close to the wall and outwards in the tube's centre.

Compared to laminar flow, this effect is stronger in turbulent flow regimes (Eiamsa-ard, 2023).
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Figure 5: lllustration of swirl-like flow in twisted tubes regarding the difference in tube pitch length (P) and the
kinetic energy generated by the turbulent flow (Eiamsa-ard, 2023).

Through better mixing in the bulk and a decrease in the thickness of the boundary layer, an

increase in turbulence of the shell side fluid over the twisted tube bundles is generated, which

enhances the heat transfer of the heat exchanger. Heat transmission is more uniform in tubular

heat exchangers because of the good local velocity field and flow distribution, which also allow

for the best feasible heat transfer coefficient. Furthermore, by adjusting the temperature
12



difference, cross flow is always penalised in comparison to pure counter-current flow. In twisted
tube exchangers, pure longitudinal flow facilitates more efficient utilisation of the available

temperature differential (Eiamsa-ard, 2023).

In order to explain how twisted tubes accomplish their high heat transfer coefficients, Eiamsa-ard
explained that one should consider the helical channels as a sequence of brief, consecutive
portions where the flow constantly changes direction, disrupting the steady velocity profile's
accumulation in between. These disruptions provide good transverse mixing, and even at
relatively low Renolds numbers, the flow remains turbulent as a result of the multiple disturbances.
No influence from the entry is discernible, since the design of twisted tubes constantly disrupts

the build-up to a fully defined profile.

In both a single-twisted tube and a bundle, heat transfer is influenced by a number of equally
significant factors. Generally speaking, creating a swirl in every single tube will improve the

turbulence mixing process and will either intensify or weaken other mechanisms.

Within the twisted tube design, the centrifugal force and the radial pressure gradient will push
heavier, colder fluid outwards if the cold fluid is on the tube side. This will cause the hot fluid to
climb towards the centre of the pipe. As a result, the local heat transfer coefficient decreases.
When it comes to the heated fluid on the shell side, the opposite will occur. The bundle's flow
distribution, on the other hand, is another component that influences the overall heat transfer
coefficient by producing a less favourable flow distribution with a favourable density gradient
(Ljubicic, 2004).

2.1.1 The Twisted Tube Configuration

As proven by Yang, Zhang and Hong (2011), the flow of the fluid within the twisted tube design is
generally referred to as turbulent flow. The flow type is expressed in many research studies as a
swirl-like motion. The swirl-like motion generated, causes an increase in turbulence as a result of
the twisted tube design structure. The turbulent flow leads to an increase in mixing and heat
transfer because of the fluid's whirling, swirl-like motion caused by the twisted geometry. The heat
exchanger performs better thermally as a result of the turbulence created. Additionally, the fluid's
contact with the tubes' heat transfer surface is improved by the enhanced turbulence. This

improves the heat transfer coefficient, increasing the overall efficiency of the heat exchanger.

The turbulent flow generates a higher pressure drop that occurs within the twisted tubes of the
heat exchanger. As a result of the twisted geometry that the twisted tubes provide, the fluid
experiences impediments and variations in flow direction as it passes through the twisted tubes.

These factors contribute to an increase in resistance to flow, resulting in a higher pressure drop.
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The twisted tube configuration also helps mitigate fouling and scaling issues. The turbulent flow
generated by the twisted tubes minimises the build-up of deposits and improves self-cleaning.
This property of the twisted tube design is advantageous, as it reduces maintenance requirements

and extends the overall operating life of the heat exchanger.
2.1.2 Fluid Flow in Heat Exchangers

In a STHE, two fluids at different temperatures flow through the heat exchanger. One fluid flows
through the shell and in between the tubes on the shell-side of the heat exchanger. The other
fluid flows within and through the tubes on the tube-side of the heat exchanger. The flow of each

fluid on each side of the heat exchanger is different, and will thus be analysed as such.
2.1.3 Flow Effectiveness in Shell-and-Tube Heat Exchangers

The impact of the generated flow, turbulent and/or laminar shown in Figure 6, within STHE has a
very important effect on the overall heat transfer rate and efficiency of the heat exchanger. The
flow type generated within the heat exchangers is crucial for heat transfer and pressure drop
control. By means of controlling the flow type within the heat exchangers, the process output
temperatures can be controlled, and in such manner the process deliverable temperatures can
be accurately determined. It is thus very important to understand the flow type generated with the

heat exchanger design, as well as how it is generated to control the heat exchanger process.

Laminar flow Turbulent flow

YYYYYYY VY

Figure 6: Turbulent & laminar flow (Services, Fossil Consulting, 2024).

2.1.4 Turbulent Flow Type

Turbulent flow is generated in twisted tubes by the introduction of swirl or rotation of the fluid
within the tubes (Figure 6). When fluid flows through the twisted tube configuration, the irregular
geometry of the tube causes the fluid to rotate or swirl as it flows through the tube. This swirling
motion generated disrupts the flow patterns of the fluid and causes turbulence to develop. The
twisting geometry of the tubes creates vortices and eddies within the fluid during flow, which
increases the mixing and chaotic motion of the particles within the fluid (Doran, 2013). This

disruption in the flow patterns results in higher levels of turbulence occurring compared to plain
14



conventional tubes. In general, the twisted geometry of the tube causes the fluid to interact with
the tube walls in a more complex and unpredictable manner, leading to the generation of turbulent

flow.

The turbulent flow within STHE also generates a higher pressure drop within the heat exchanger
by means of the turbulent fluid flow type compared to laminar flow, considering twisted tubes and
plain tubes within STHE. The higher pressure drop generated within the heat exchanger by
turbulent flow is caused by the twist ratio of the twisted tube design. It was found that the pressure
drop within the heat exchanger increases as the twist ratio of the tubes increases; thus, the twist
ratio and the pressure drop are directly proportional within the heat exchanger design (Abdul
Razzaq & Mushatet, 2021). Along with the increase of pressure drop generated by means of the
turbulent flow, the swirling flow generated by the twisted tube geometry also enables one to
enhance heat transfer between the tube wall and the shell side fluid by increasing the flow path

and disrupting the thermal boundary layer.

The turbulent flow generated within twisted tubes thus causes a higher heat transfer rate within
STHE when compared to conventional plain tubes due to the increased inclusions occurring

between the tube wall and the fluid by means of the disrupted fluid flow.

2.1.5 Laminar Flow Type

Laminar flow is a type of fluid flow in which fluid moves smoothly in parallel layers with each other,
where minimal disruption or mixing between layers occurs. This result of laminar flow is a
predictable and stable flow pattern with no turbulence or chaotic movement. Laminar flow is
characterised by a low Reynolds number, where the Reynolds number is a dimensionless quantity
that describes the ratio of inertial forces to viscous forces within the fluid. Laminar flow usually

occurs where the flow velocity is low, and the fluid viscosity is high.

Laminar flow is generated within plain tubes by means of a smooth and consistent flow of fluid
with minimal disturbances or turbulence. Therefore, this flow type is typically achieved by
controlling the velocity and pressure of the fluid as it moves through the tubes within the heat
exchanger. By controlling the velocity and pressure of the fluid, the flow remains smooth and
uniform within the tubes of the STHE.

Additionally, the diameter and length of the tubes can also play a vital role in promoting laminar
flow. Larger diameter and shorter length tubes are more likely to facilitate a steady and controlled
fluid flow compared to longer tubes with a smaller diameter. Using a straight and properly aligned
tube without obstructions or rough surfaces can also help minimise disturbances and promote

laminar flow within the heat exchanger tubes.
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Heat exchangers are a very important factor to consider when considering the petrochemical
industry, as they indulge crucial roles within this industry and thus affect the petrochemical
industry in many ways. The primary reason for the use of heat exchangers in this industry is to
generate heat exchange between two mediums. Heat exchangers are used to transfer heat from
one medium to another without the mediums coming into direct contact with each other (Ipieca,
2022). This allows efficient temperature control in various petrochemical processes, such as

distillation, condensation, and chemical reactions.
2.1.6 Tube Side Flow

The flow of the tube side is completely dependent on the type of tubes used for the heat exchanger
design. The type of flow of the fluid within the tubes has a direct relation to the heat transfer rate
of the heat exchanger when considering turbulent and laminar flow. Turbulent flow generates a
higher heat transfer rate within the heat exchanger in comparison to laminar flow, although
turbulent flow causes a higher pressure drop in comparison to laminar flow. The fluid flow type
within the tubes can be completely determined and directed by means of inserts or selecting the
correct tube design. It is all heat exchanger specific, depending on the required needs of the

industry.

The characteristics and properties, considering the flow of the fluid within heat exchangers, is

very important to analyse and consider when designing a heat exchanger for a specific operation.
2.1.7 Shell Side Flow

The fluid flowing through the shell of an STHE is the fluid flowing on the outside and over the
tubes themselves. Variations in the type of heat exchanger, and its specific design can affect the

flow on the shell side.

The shell side flow is usually intended to counter-flow or crossflow the tube side flow. The fluid
enters the heat exchanger from one end in a crossflow arrangement and flows perpendicularly to
the tube bundle. This type of flow allows for efficient heat transfer because of the turbulent fluid

flow occurrence due to the perpendicular entry contact with the tubes.

The fluid flows in the opposite direction and parallel to the tube bundle in a counterflow
configuration. This arrangement produces more effective heat transfer, which maximises the

temperature differential between the fluids.

The fluid flow on the shell side can also be modified by means of baffles, which are plates or rods

inserted inside the shell to guide the flow of the fluid. Baffles can alter the fluid flow on the shell
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side, in order to ensure that the fluid contacts a greater area of the tube surface and improve heat

transfer. Baffles provide a more regulated flow pattern on the shell side of heat exchangers.

Additionally, the shell-side fluid may have multiple shell-side passes over the tubes within the tube
bundle, depending on the heat exchanger design and application due to baffle arrangements
within the heat exchanger and the number of shell side passes (Figure 7). Multiple passes
increase the heat transfer efficiency by allowing the fluid to make multiple passes over the tube
bundle before exiting the heat exchanger, causing an increase in the overall heat transfer

coefficient of the heat exchanger.
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Figure 7: Schematic overview of the shell side flow in a shell-and-tube heat exchanger (Mishra, et al., 2020).

Overall, the fluid flow on the shell side of a heat exchanger is carefully designed to optimise heat

transfer and achieve the desired performance based on the specific heat exchanger application.

2.2 Benefits and Disadvantages of Twisted Tube Shell-and-Tube heat Exchangers

This section elaborates on the expected benefits and disadvantages that the twisted tube design
presents within STHE’s. The section focuses on aspects that make the twisted tube unique within
its design, as well as performance aspects to expect when using a TTSTHE.

Considering the TTSTHE design, there appears to be significant benefits towards the twisted tube
design. Ljubicic (2004) described the advances in the range of design and operational reliability
of TTSTHE’s. It was mentioned within the study that when taking into account the size and
convenience considerations, the twisted tube heat exchanger design can be cost effective in a

wider range of applications of niches currently being used in the process industry (Ljubicic, 2004).
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Ljubicic (2004) mentioned that most heat exchangers, including twisted tubes, have not yet been
exploited commercially to their fullest potential. It was concluded that this occurrence is because
historically, early heat transfer enhancement devices were limited mostly to gas flow applications
(Ljubicic, 2004).

One of the benefits mentioned early within Ljubicic’s study, is that twisted tube designed STHE'’s,
regarding the tube bundle, generates a connection between the tubes with one another at their
wider sides, six times over the length of one tube pitch (Ljubicic, 2004). This design regarding the
twisted tubes, accommodates for vibration absorbance between the tubes, which causes the unit
to be vibration free (Ljubicic, 2004).

Furthermore, Ljubicic mentioned that the twisted tube design generates the ability to provide
considerable surface density, low pressure drop, and high heat transfer coefficients. These
conditions are engineering conditions which is thoroughly considered during the design of a new
heat exchanger. It is also mentioned that the twisted tube design enhances heat transfer on both

the tube side and shell side of the heat exchanger (Ljubicic, 2004).

Ljubicic also mentioned that the use of twisted tubes within STHE’s can provide a 30% equivalent
reduction in heat exchanger size in order to fill the heat transfer required by the designed heat

exchanger (Ljubicic, 2004).

Another attractive benefit of the twisted tube design is that the swirl-flow generated is not
produced by any other component and/or device attached to the tubes. In this sense the tubes
do not require any extra attention during assembly, maintenance, inspection or cleaning (Ljubicic,
2004).

It is also mentioned by Ljubicic that the tubes provide significant benefits regarding maintenance
on STHE’s. Ljubicic found that the tubes are firmly supported, and even though the tubes provide
increased turbulence and a well-distributed flow without stagnant zones, the twisted tube design
does not foul easily. The twisted tube design is also mentioned to be well-suited for chemical

cleaning (Ljubicic, 2004).

When considering the economical factor of cost, Ljubicic also found that with the increased heat
transfer, lower total heat exchanger weight, and the operating costs of the heat exchanger, the

twisted tube design can be competitive and cost effective in the process industry (Ljubicic, 2004).

Ljubicic thus found that twisted tube heat exchangers provide substantial benefits to the process
industry. It is also mentioned that twisted tubes provide high performance capabilities and have,

in this way, been tested within the petrochemical industry (Ljubicic, 2004).
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Ljubicic mentioned that TTSTHE’s are generally more expensive that plain conventional STHE'’s,
but Ljubicic also mentioned that the payback time on a twisted tube heat exchanger is not
necessarily longer. Taking into account size and convenience considerations, these heat

exchangers can be cost effective in a wider range of applications (Ljubicic, 2004).

It is thus clear that the twisted tube design does indeed provide recognizable results and
performance improvements within the process industry. The design provides benefits regarding

heat transfer capabilities, size, cleaning, maintenance, and in some sense cost.

Some studies have been done on the research topic of interest, and it can be seen within the
following obtained results. In the next three sections, a few studies have been analysed and
examined. These previously conducted studies provide a detailed concept of what previously

have been researched and concluded considering plain- and twisted tube STHE's.

2.3 Improved Heat Recovery Using Twisted Tube Exchanger Technology (Barraza-
Colon & Picon-Nunez, 2022).

This section presets the outcomes and results obtained within the study (Barraza-Colon & Picon-
Nunez, 2022). It focuses on the inputs and results used and obtained during this study, and

elaborates on the methods as well as the deliverable factors used within the study.

Barraza-Colon and Picon-Nunez found that the geometrical features of twisted tube heat
exchangers enhance the thermo-hydraulic performance for the same fluid velocity compared to
plain conventional heat exchangers. They also found that the benefit of the twisted tube design
use becomes evident within the design, as the required heat duty is transferred directly with a
smaller surface area when simultaneously generating an even lower pressure drop compared to

plain conventional tube heat exchangers.

Within this study, a thermohydraulic model for the twisted tube geometry that relates pressure
drop and heat transfer coefficient has been developed. Barraza-Colon and Picon-Nunez also
used an alternative sizing approach, where the concept of full use of the pressure drop step is

presented.

The study is presented in order to provide a comparison between plain conventional STHE’s and

thermohydraulic modelled twisted tube heat exchangers.
2.3.1 Study Calculated Outputs and Comparison

Within the study, the calculated outputs were compared to two different case studies. The studies

used for the comparison are:
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1. Yan, W., Gao, X., Xu, W., Ding, C., Luo, Z., Zhang, Z., 2017. Heat transfer performance
of epoxy resin Flows in a horizontal twisted tube. Appl. Therm. Eng. 127, 28-34.

2. Barraza-Col'on, J., 2021. Thermohydraulic model for the design and performance
analysis of twisted-tube type heat exchangers (Original Spanish: Modelo termo-hidr aulico
para el dise™no y an’alisis del desempe™no de intercambiadores de calor del tipo twisted-
tube). MSc Thesis. University of Guanajuato, Mexico.

2.3.1.1 Case Study 1:

Within the case study of Wanbo (2017), it was considered to heat epoxy resin using hot water.
Figure 8 below shows that the variation of viscosity of the liquid resin with a change in temperature
is significant. It can be seen that the viscosity decreases by 50% when the temperature increases

with 10°C. In order to consider this variation, the design is done in infinitesimal segments.
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Figure 8: Viscosity vs temperature case study 1 (Barraza-Colon & Picon-Nunez, 2022).

The operating conditions and physical properties, as well as the calculated output comparison to
the case study “Heat transfer performance of epoxy resin Flows in a horizontal twisted tube”, can
be seen in the tables below.
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Table 2 : Operating and physical properties, case study 1 (Barraza-Colon & Picon-Nunez, 2022).

Operating conditions and physical properties of case study 1

Hot fluid (shell side) | Cold fluid (tube side)

Heat duty (kW) 69.470 -
Mass flow rate (kg/s) 1.880 1.57
Inlet temperature (°C) 89.200 30.00
Outlet temperature (°C) 80.000 53.10
Allowable pressure drop (kPa) 42.000 42.00
Viscosity (cP) 0.354 -
Density (kg/m?3) 971.800 1160.00
Thermal conductivity (W/m°C) 670 0.21
Heat capacity (J/kg°C) 4196.300 1920.00

Table 3 below shows that even with 18% less pressure drop consumption, the surface area of the
twisted tube heat exchanger is 26% smaller than the conventional STHE. It is also clear from
Table 3 below that the overall heat transfer coefficient of the twisted tube shell-and-tube heat

exchanger increases by 33.8%.

Table 3: Comparison to case study 1 (Barraza-Colon & Picon-Nunez, 2022).

Design results for case study 1

Shell and tube Twisted tube
Surface area (m?) 15.200 11.200
Overall heat transfer coefficient (W/m°C) 108.600 145.400
Tube side pressure drop (kPa) 42.000 31.000
Tube side velocity (m/s) 0.900 0.700
Tube length (m) 4.700 8.600
Tube hydraulic diameter (m) 0.012 0.018
Tube count (-) 38.000 23.000
Shell diameter (m) 0.203 0.120

2.3.1.2 Case Study 2:

Within the case study of Ruengpayungsak (2019), it was considered to preheat raw molasses
from 20°C to 39.6°C, using hot treated molasses at 140°C. Figure 9 below shows the variation of
the viscosity of the fluid with temperature. It can be seen that the viscosity of the fluid decreases

with 50% when the temperature increases with 10°C.
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Figure 9: Temperature vs viscosity case study 2 (Barraza-Colon & Picon-Nunez, 2022).

The operating conditions and physical properties as well as the calculated output comparison to
the case study “Thermohydraulic model for the design and performance analysis of twisted-tube

heat exchangers”, can be seen in the tables below.

Table 4: Operating conditions and physical properties of case study 2 (Barraza-Colon & Picon-Nunez, 2022).

Operating conditions and physical properties of case study 2
Hot fluid (shell side) | Cold fluid (tube side)

Mass flow rate (kg/s) 0.445 0.445
Inlet temperature (°C) 140.000 20.000
Outlet temperature (°C) 120.300 39.600
Heat duty (kW) 18.690 -
Allowable pressure drop (kPa) 22.000 22.000
Density (kg/m?3) 1450.000 1450.000
Thermal conductivity (W/m°C) 0.300 0.300
Heat capacity (J/kg°C) 2140.000 2140.000

Table 5 below shows a reduction in heat transfer area of approximately 45% with respect to the
use of a conventional plain tube heat exchanger. In the case of pressure drop, the twisted tube

technology can meet the required heat duty with 15% less pressure drop occurring.
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Table 5: Comparison of case study 2 (Barraza-Colon & Picon-Nunez, 2022).

Design results for case study 2

Shell and tube Twisted tube
Surface area (m?) 8.000 4.400
Overall heat transfer coefficient (W/m°C) 23.100 42.300
Tube side pressure drop (kPa) 22.700 19.300
Tube side velocity (m/s) 0.030 0.023
Tube length (m) 6.000 4.700
Tube hydraulic diameter (m) 0.027 0.027
Tube count (-) 16.000 11.000
Shell diameter (m) 0.203 0.120

Table 6 below shows the different tube design layouts used within the study, where different

aspect ratios were used for the analysis of the study.

Table 6: Typical inner elliptical tube dimensions (Barraza-Colon & Picon-Nunez, 2022).

a (mm) b (mm) R
#0 16.0 16.0 1.00
#1 19.8 9.4 210
#2 211 7.0 3.00
#3 21.8 5.8 3.75
#4 24.0 14.5 1.65
#5 28.0 9.0 3.10

2.3.2 Study Conclusion

From the results obtained within this study by Barraza-Colon and Picon-Nunez, it can be
concluded that when comparing with plain conventional tube heat exchangers, the twisted tube
geometry requires a smaller area and absorbs less pressure drop for the same heat duty to be
generated. The twisted tube technology becomes more beneficial when in applications with high
viscosity fluids where the surface area can be reduced with as much as 45% and pressure drop
with 15%.
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2.4 Experimental Research on Heat Transfer and Flow Resistance Properties in Spiral
Twisted Tube Heat Exchanger (Dong, et al., 2020).

This section presets the outcomes and results obtained within the study (Dong, et al., 2020). This
section focuses on the inputs and results used and obtained during this study. The section

elaborates on the calculation methods and the deliverable factors used within the study.

Within this study, an experiment was conducted in order to gain the heat transfer and the flow
resistance characteristics of a high-viscosity thermal oil and water within a twisted tube heat
exchanger. The experiment conducted within this study, specified parameters in which the

experiment was conducted. The parameters specified are:

- Mass fluxes of oil used, 1000 — 3000 kg-m2-s™.

- Mass fluxes of water used, 160 — 1200 kg-m2-s™

- Qilinlet temperature, 60°C

- Water inlet temperature, 15°C

- Shell side Reynolds number, Re < 2050

- Tube side Reynolds number, 12000 < Re < 45000

The study outcomes calculated and/or measured was compared to that of PTSTHE'’s, as well as

spiral-groove tube heat exchangers.

Dong (2020) found that the spiral twisted tube heat exchanger demonstrates a significant heat
transfer enhancement effect in both laminar and turbulent flows when comparing to that of the

plain tube heat exchanger and the spiral groove heat exchanger.

Dong’s experimental data on the heat transfer and flow resistance of spiral twisted tubes led to
a new correlation formula. When tested against conventional plain tubes, this formula proved

highly accurate, with a deviation of less than ¥10%.
241 Study Calculated Outputs and Comparison.
2.41.1 Friction Factor Correlation Comparison

The study compared the calculated and measured friction factor correlation of the experimental
study to four other completed studies. The studies used for the output comparison on the shell

side can be seen in Table 7 below:
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Table 7: Comparison studies, friction factor, shell side (Dong, et al., 2020).

The friction factor correlations and range

Author Working fluid
Yang Water
Re: 600-55000
Cheng Water
Re: 50-2000
Khoshvaght-Aliabadi-1 AlLOz/water
Re: 600-1800

Khoshvaght-Aliabadi-2 Air, Water, Engine Qil,
& Ethelyne Glycol

Re: 600-1800

Correlation

1.686 ( S)
Dp,

0.5

—-0.366

A
f = 1.529Re ™35 (E)

A
f = 5.448Re~06%7 (E)

f = 2.1828Re~07551(py)10296(1 _ (p)43461

—0.0653

P
f = 25.0105Re 07787 (Z)

The comparison to the literature studies regarding the friction factor correlation resulted in an

average deviation of 35% on the shell side of the heat exchanger. The comparison can be seen

in Figure 10 below.

Discussing the obtained and measured outputs reached within the graphs of Figure 10 below,

presented the following outcomes.

e Within the first graph it can be seen that the experimental test bench study presented a

measured friction factor deviation of up to 90% to that of the validation study.

e The second graph presented a maximum measured friction factor deviation of 50% to that

of the validation study.

e Graph three also presented a maximum deviation of 50% to that of the validation study.

e Within the last graph, the maximum deviation measured for the shell side friction factor

between the validation study and that of the experimental test bench presented to be 50%.
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Figure 10: Comparison output to literature studies, friction factor, shell side (Dong, et al., 2020).

The studies used for the output comparison on the tube side can be seen in Table 8 below:

Table 8: Comparison studies, friction factor, tube side (Dong, et al., 2020).

The friction factor correlations and range.

Authors Conditions Medium Correlations of f

Yang [24] 600 < Re < 55,000 water f = 1.529 Re=0350(4/B)1-686(5/ D), )~0-366

Zhang [22] S:3500 < Re < 9000 water f = 0.71496 Re"07777py—1.03974
(A/B)076212(5/ ), y=0.33393

Gao (23] 5000 < Re < 20,000 water f = 4.572Re~0521(B/A)0334(S/ Dy, )0.082

Tan [27] 1000 < Re < 8000 water f= 42.1244Re~06576

On the tube side of the comparison to the literature studies, regarding the friction factor

correlation, Xinyu Dong found the obtained results presented an average deviation of 30%. The

comparison to the other mentioned literature studies can be seen in Figure 11 below.

The analysis of the obtained and measured outputs, as depicted in the graphs below, yielded the

following outcomes.

e Graph one presented a maximum deviation for the tube side friction factor of 35% to that

of the validation study.
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e The second graph reached a maximum deviation of 10% for the tube side friction factor to
that of the validation study.
o Within graph three, it can be seen that the experimental test bench reached a maximum
deviation of 77% to that of the validation study for the tube side friction factor.
e The last graph presented a maximum tube side friction factor deviation of 40% to that of
the validation study.
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Figure 11: Comparison to literature studies, friction factor, tube side (Dong, et al., 2020).

2.4.1.2 Nusselt Number Correlation Comparison

The study also compared the calculated and measured Nusselt number of the experimental study

to four other completed studies. The studies used for the Nusselt number correlation comparison

on the shell side can be seen in Table 9 below:

Table 9: Comparison studies, Nusselt number, shell side (Dong, et al., 2020).

The heat transfer correlations and range

Author

Working fluid

Correlation

Yang

Water
Re: 600-55000

27

Nu = 0.3496Re0-615(Pr)0-33<

A

B

0.49

) |

S
Dy,

)

—0.394



The heat transfer correlations and range

Author Working fluid Correlation
Cheng Water Ay 0°
Nu = 0.205Re %496 (pr)0-432 (—)
Re: 50-2000 B
Khoshvaght-Aliabadi-1 Al,Os/water | Nu = 0.0151Re®7297 (Pr)0:6854(1 — ¢)0-0118
Re: 600-1800
Khoshvaght-Aliabadi-2 Air, Water, Engine Oil, Py 00455
Nu = 0.0579Re 3621 (pr)06111 (—)
& Ethelyne Glycol L

Re: 600-1800

The comparison to the literature studies regarding the Nusselt number correlation on the shell
side resulted in an average deviation of 35% on the shell side of the heat exchanger. The

comparison can be seen in Figure 12 below (Dong, et al., 2020):

Discussing Figure 12 and the concluded results reached therein, presented the following

outcomes.

e Graph one presented a maximum deviation of 35% for the shell side Nusselt number to
that of the validation study mentioned within graph one.

¢ Within the second graph, it can be seen that the experimental test bench study presented
a maximum deviation of 80% to that of the validation study mentioned within graph two.

e The third graph generated by means of the experimental test bench study presented a
maximum deviation of 70% to that of the validation study mentioned within graph three.

e The last graph shows a maximum deviation value of 65% to the validation study mentioned

within the last graph of Figure 12 below.
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Figure 12: Comparison to literature studies, Nusselt number, shell side (Dong, et al., 2020).

The studies used for the output comparison on the tube side can be seen in Table 10 below:

Table 10: Comparison studies, Nusselt number, tubes side (Dong, et al., 2020).

The heat transfer correlations and range.

Authors Conditions Medium Correlations of Nu

Yang [24] 600 < Re < 55,000 water Nu = 0.3496Re"S15Pr1/3(4/B)04%0(5/ Dy)~03%4
Gao [23] 5000 < Re < 20,000 water Nu = 0.034Re"74pr0.333( By A y-5.90( g/ p), y-0.165
Levlev [26] 6000 < Re < 100,000 air Nut = 0.019RPH[1 + 0.547(S/A4)0%]

Tan [27] 1000 < Re < 8000 water Nu = 0.1255Re67py 03

Fry; = 79

On the tube side of the comparison to the literature studies, regarding the Nusselt number

correlation, the obtained results presented an average deviation of 26%. The comparison to the

other mentioned literature studies can be seen in Figure 13 below.

Considering Figure 13, the following concluded results were reached.

e The first graph presented a maximum deviation of 10% regarding the tube side Nusselt

number when comparing the measured outputs reached within the experimental test

bench study to the calculated outputs reached within the validations study.
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e Within graph two, it can be seen that the measured tube side Nusselt number generated

a maximum deviation of 20% to that of the validation study output mentioned within graph

two.

e The third graph presented a 40% tube side Nusselt number deviation to that of the

validation study.

e The last graph reached a maximum deviational tube side Nusselt number outcome of 45%

to that of the validation study mentioned within the last graph of Figure 13 below.
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Figure 13: Comparison to literature studies, Nusselt number, tube side (Dong, et al., 2020).

2.4.2 Study Conclusion

Dong (2020) found that the enhanced heat transfer indices indicated that the spiral twisted tube

heat exchanger in turbulent or laminar flow was better than that of the plain tube heat exchangers.

The experimental data were collected and measured in order to be compared with the values

calculated via the literature correlations. The study found that the heat transfer and friction factor

performance of spiral twisted tube heat exchanger could not be described by all the literature

correlations.
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Fittings of the friction factor and the Nusselt number on both sides of the spiral twisted tube in
laminar and turbulent flow regions have been performed using the experiment data. The
maximum fitting errors obtained of the friction factor for laminar and turbulent flows were + 12%
and £ 1.5%, respectively, while the Nusselt number of the laminar and turbulent flows were + 12%

and + 10%, respectively.

These results obtained suggested that the fitting results were in good range for the experimental
data, as a deviation of + 20% was considered acceptable in experimental projects. This
experiment done provided a theoretical basis for the engineering modification and design of heat

exchangers.

2.5 Convective Thermal-Hydraulic Performance in Twisted Tubes: From the

Perspective of Symmetrical Cross-Sectional Shapes (Li, et al., 2023).

This section presets the outcomes and results obtained within the study (Li, et al., 2023). This
section focuses on the inputs and results used and obtained during this study, and elaborates on

the mathematical methods and deliverable factors used within the study.

Li explores the impact of intersecting surface shapes on thermal-fluid behaviour in twisted tubes
under two conditions of equal area and equal perimeter of intersecting surfaces. Within this study,
a 3D simulation method is used to examine the convection heat transfer characteristics of fluids
with different viscosities in twisted tubes with typical symmetrical cross sections at low Reynold

numbers, according to experimental verification.

Li found regular deformation of the helical twisted tube, due to induced secondary flow in the
perpendicular direction of the main flow direction. The study found that this leads to bettering the
convective heat transfer performance of the twisted tube design. The Reynolds number range
used consisted of the Reynolds number being between 650 and 1550, using the operating fluid

of water.

Li also found within the study that the twisted tube design, with equal cross-sectional perimeter,
exhibits the topmost convection heat transfer performance, with a comprehensive performance

evaluation factor of heat transfer of 1.85 — 1.87.

As for the equal cross-sectional perimeters with engine oil, Li found the twisted elliptical tubes to
show the highest heat transfer, with a performance evaluation factor of 1.39 — 1.4 with the

Reynolds number being below 1100.

Li also found that when the Reynolds number exceeds 1100, the twisted triangular tube displays
the supreme heat transfer factor 1.33 — 1.37. It was found within the study that with the operating
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fluid of water and engine oil, the twisted elliptical tube design presents the highest heat transfer

factor.
2.5.1 Study Results and Validation

Li validated the obtained results from the 3D simulation with experimental data. The validation of

the simulated output and the experimental obtained results can be seen in Figure 14 below.
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Figure 14: Validation of turbulence model through comparison with experimental data (Li, et al., 2023).

Within Figure 14 it can be seen that the study compared the different expressed turbulence
models to experimental data reached within the validation study “Experimental study on
convective heat transfer and flow resistance characteristics of water flow in twisted elliptical tubes”
by Yang (2011).

Within Figure 14 above, it can be seen that as the tube side Reynolds number increases, the tube
side heat transfer coefficient and pressure drop increases. It is also clear that the theoretically
calculated output of the different turbulence models presented much higher heat transfer and
pressure drop values than the values measured within the experimental study. The calculated
turbulence models as well as the experimental measured results of the twisted tube design

present the same gradient increases as the tube side Reynolds number increases.
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Li also provided results of the flow characteristics and temperature distributions within the twisted
tube design. The study mentioned that regardless of what fluid was specified, whether it be water
or engine oil, the streamlines within the twisted tube design exhibit an obvious spiral flow. The

generated streamline simulation can be seen in Figure 15 below.
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Figure 15: Streamline and temperature distribution on cross-sections in twisted tubes. a) equal cross-sectional
perimeter, water as fluid. b) equal cross-sectional perimeter, engine oil as fluid (Li, et al., 2023).

Li explained the phenomenon as follows: the fluid only flows under the driving force of pressure,
and there is no force perpendicular to the tube axis. As a result, no streamlines are shown. On
the other hand, the fluid will be forced to produce a centrifugal force as it flows along the twisted
tube due to the spiral deformation of the tubes. This will result in a spiral flow under the combined
influence of centrifugal force and pressure, ignoring the effect of gravity. The fluid that is heated
near the tube wall is thus mixed with the core fluid at a relatively low temperature at the centre of
the twisted tube due to the scouring effect of the spiral flow. This lowers the mean temperature of
the fluid that is adjacent to the tube wall, and somewhat magnifies the fluid temperature gradient.
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Li concluded that the twisted tube helical deformation produces secondary flow, which eventually
tend to be found in the sharp deformation domains, which includes the two ends of an ellipse's
major axis, the four corners of a square or rectangle, and the three corners of a triangle. The
secondary flows at the corners of the short side of the rectangle are merged and mixed due to
the small distance between the corners at the ends of the short side, making the long side appear
to have secondary flow only at its ends. The observed simulation within the study can be seen in

Figure 16 below.

Secondary flow velocity (m/s): 0.001 0.002 0.003 0.004 0.005 0.006 0.007

Figure 16: Secondary flow distribution on twisted tube cross-sections: (a) equal cross-sectional perimeter,
water as fluid; (b) equal cross-sectional perimeter, engine oil as fluid (Li, et al., 2023).

The heat transfer coefficient results obtained within the study for all the different twisted tubes,

regarding the Reynolds number, can be seen in Figure 17.
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Figure 17: Variation of forced convective heat transfer coefficients with Re for the whole tubes: equal cross-
sectional perimeter (Li, et al., 2023).

Considering Figure 17, it can be seen that the study evaluated the generated tube side heat
transfer coefficient in correspondence with the tube side Reynolds number for different tube
geometries with the same cross-sectional perimeter. The above Figure 17 expressed that the
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twisted triangular tube generated the highest heat transfer coefficient as the tube side Reynolds
number increases. It is also clear within Figure 17 that the difference between the generated
outcomes of the different tube geometries for the operating fluid of water, are more independently

structured than the outcomes generated for the operating fluid of oil.
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Figure 18: Variation of forced convective heat transfer coefficients with Re for the whole tubes: equal cross-
sectional area (Li, et al., 2023).

Evaluating Figure 18 above, it can be seen that the study appraised the generated tube side heat
transfer coefficient in correspondence with the tube side Reynolds number for different tube
geometries with the same cross-sectional area. Figure 18 expressed that the twisted triangular
tube again generated the highest heat transfer coefficient as the tube side Reynolds number
increases. It is also clear within this figure that the difference between the generated outcomes
of the different tube geometries for the operating fluid of water are more dependently structured,
with the exception of the ordinary circular tube. The outcomes reached for the different tube

geometries and the operating fluid of oil are closely related without any exception.

Evaluating the following graph, the study also compared the tube side pressure drop and the tube
side Reynolds number for different tube geometries. The generated output can be seen in Figure
19 below.
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Figure 19: Variation of flow resistance with Re for the whole tubes: equal cross-sectional perimeter (Li, et al.,
2023).

Analysing Figure 19, it can be seen that the study evaluated the generated tube side pressure
drop in correspondence with the tube side Reynolds number for different tube geometries with
the same cross-sectional perimeter. Figure 19 above expressed that the twisted triangular tube
generated the highest pressure drop as the tube side Reynolds number increases with the
operating fluid of oil. It is also clear within Figure 19 that the ordinary circular tube experienced a
drastic increase in tube side pressure drop between the Reynolds number values of 650-800,

whereafter the gradient increase remains constant for the operating fluid of oil.
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Figure 20: Variation of flow resistance with Re for the whole tubes: equal cross-sectional area (Li, et al., 2023).
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Within Figure 20, it can be seen that the study evaluated the generated tube side pressure drop
in correspondence with the tube side Reynolds number for different tube geometries with the
same cross-sectional area. Figure 20 above expressed that the twisted triangular tube produced
the highest pressure drop as the tube side Reynolds number increases. It is also clear within this
figure, that the pressure drop for the ordinary circular tube with the operating fluid of water is the
lowest when comparing to the other geometrical shapes and operating fluid of oil. It can also be
seen within this figure that the difference between the generated outcomes of the different tube
geometries for the operating fluid of water are structured in a pattern, with the exception of the

ordinary circular tube.

The study also graphed the Performance Evaluation Factor (PEF) in accordance with the
Reynolds number for the two fluids used: water and engine oil. The performance evaluation

graphs can be seen in the figures below:
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Figure 21: Variation of PEFs with Re for water inside the twisted tubes (Li, et al., 2023).

Evaluating Figure 21, it can be seen that all the tube geometries presented a vertically shaped
output on the graphed axis considering the PEF and tube side Reynolds number. It can also be
noted from Figure 21 that a difference in the PEF can be seen for tubes with the same geometrical
form, but with the difference in perimeter and cross-sectional area. However, the exception is
seen for the ordinary circular tube, whereas there is no difference within the output reached for a
change in perimeter and cross-sectional area. Additionally, it is clear that for all geometrical

shapes, the PEF is higher in tubes with the same cross-sectional area than for tubes with equal
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perimeter; however the exception is for the twisted triangular tube, which generates the highest

PEF, whereas the outcome presents to be different.
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Figure 22: Variation of PEFs with Re for engine oil inside the twisted tubes (Li, et al., 2023).

Analysing Figure 22, it can be seen that the twisted oval tube with equal cross-sectional area
presented the best PEF in correspondence to the tube side Reynolds number, considering the
operating fluid of oil. It's also clear from Figure 22 that all the geometrical tube shapes trend to a
coordinated commonly agreed PEF as the tube side Reynolds number increases. However, it can
be concluded that the twisted square tube presented the lowest PEF for equal perimeter and

cross-sectional area.
2.5.2 Study Conclusion

Li concluded that the secondary flow caused by the twisted tube spiral deformation grow, change,
and ultimately converge in areas of sharp deformation, such as the major axis end region of the
elliptical intersecting surface, the four corners of the square or rectangle cross section, and the
three corners of the triangle cross section. The secondary flows facilitate the convectional transfer

of heat between the heat exchange medium and the twisted tube wall.

Among the twisted tube design with equal cross-sectional areas and cross-sectional perimeters,

Li concluded that the twisted triangular tube has the best overall convection heat transfer

performance within the range of Reynolds numbers from 650 to 1550 when the working fluid is

water. This is followed by the twisted rectangular tube, twisted elliptical tube, twisted square tube,
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and the ordinary circular tube. Furthermore, with a complete convection heat transfer performance
assessment factor of 1.85 to 1.87, the twisted triangle tube manufactured by twisting the ordinary
circular tube with an equal cross-sectional perimeter, exhibits the best overall convection heat

transfer performance.

The twisted tube with elliptical cross section has the best comprehensive convection heat transfer
performance when engine oil is used as the heat exchange fluid and the cross-sectional
perimeters are identical. This is because when the Re is below 1100, the performance evaluation
factor ranges from 1.39 to 1.40. The study therefore found that the twisted elliptical tube is
followed in decreasing order of the comprehensive convection heat transfer performance
generated by the triangular, rectangular, and square intersecting surfaces. The twisted elliptical
tube, twisted rectangular tube, and twisted square tube have comprehensive performance
evaluation factors that decrease from high to low. The twisted tube with a triangular intersecting
surface has the best comprehensive convection heat transfer performance when the Reynolds

number exceeds 1100, with a performance evaluation factor value of 1.33 to 1.37 (Li, et al., 2023).

With a comprehensive performance evaluation factor of 1.32 to 1.47, the twisted elliptical tube is
the best type of tube for situations where the cross-sectional areas are equal. The comprehensive
performance evaluation factors of the other twisted tubes are ranked from high to low as follows:

twisted square tube, twisted rectangular tube, and twisted triangular tube (Li, et al., 2023).
2.6 Summary

2.6.1 Improved Heat Recovery Using Twisted Tube Exchanger Technology (Barraza-

Colon & Picon-Nunez, 2022), Summary.

In this study, a thermohydraulic design model for twisted-tube heat exchangers is developed and
validated, and its performance is compared to that of traditional shell-and-tube exchangers
(STHE’s). Through correlations for U, Nu, friction factors, surface area, and pressure drop on
shell and tube sides, the model connects heat transfer, geometry, pressure drop, and operating

conditions (Barraza-Colon & Picon-Nunez, 2022).

Barraza-Colon and Picon-Nunez also show that twisted tubes significantly enhance heat transfer

and reduce required surface area and pressure drop at equal duty.
Key findings within the study include:

e For the same fluid velocity, twisted tubes improve thermo-hydraulic performance over

plain tubes.

39



o Twisted tubes can achieve the same heat duty with less surface area and lower pressure

drop, particularly beneficial for high viscosity fluids.

o Validation using, Danielsen (2009) showed 3.7% error, confirming that the model is high

in accuracy.
Two industrial case studies demonstrated the following benefits:

e Case Study 1 (Epoxy Resin):
— Surface area reduced 26%.
— Overall heat transfer coefficient increased 33.8%.

— Pressure drop reduced 18%.

o Case Study 2 (Molasses):
— Surface area reduced 45%.
— Overall heat transfer coefficient nearly doubled 83%.

— Pressure drop reduced 15%.

Parametric plots show that higher Reynolds numbers increase heat transfer and reduce friction
factor, while longer twist pitch decreases turbulence and thus reduces heat transfer. The model
also illustrates how geometry (aspect ratio, tube pitch) affects heat duty and pressure drop,
Barraza-Colon & Picon-Nunez, (2022).

Conclusion:
The twisted tube design outperformed the plain conventional tube STHE’s, especially for viscous

fluids, reducing exchanger size and pressure drop while improving heat transfer.

2.6.2 Experimental Research on Heat Transfer and Flow Resistance Properties in Spiral

Twisted Tube Heat Exchanger (Dong, et al., 2020), Summary.

Dong performs a controlled experimental comparison between a spiral twisted tube heat
exchanger, a plain tube heat exchanger, and a spiral-groove tube heat exchanger, using high-

viscosity oil and water under laminar (shell side) and turbulent (tube side) flow (Dong, et al., 2020).

Key observations Dong made during the study were the Reynolds number for the water flow of
below 45,000 and 2050 for the oil flow. Calibrated flow loops and high-accuracy sensors with

uncertainties under 3% were also used during the study, which ensured accurate results.
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Key findings within the study:

o Spiral twisted tubes show strong heat transfer enhancement in both laminar and turbulent

regimes compared to plain and spiral-groove tubes.

o The derived heat-transfer correlations showed a + 10% deviation error when compared to

the predictions for the plain tube heat exchanger, which supports the reliability of the study.

e Test bench validations:
— 0% deviation in mass flow.
— 5% deviation in Nusselt number.
— Less than 10% deviation in friction factor.

— Less than 0.5% deviation in temperature.

Within the study, the friction factor and Nusselt number correlations were compared to multiple

literature models:
o Shell side deviations: 35% average (up to 90% in some regions).
e Tube side deviations: 30% average (10-77% range).

¢ Nusselt number deviations:
— Shell side: 35% average

— Tube side: 26% average

Although deviations were larger in some regions, due to geometric differences and fluid
properties, the results within this study consistently confirmed that spiral twisted tubes outperform
conventional plain tube designs in heat transfer of STHE’s, albeit with higher friction factors
(Dong, et al., 2020).

Conclusion:
Spiral twisted tubes provide better heat transfer and acceptable pressure drop penalties in
STHE’s. It is also seen that experimental results support new correlations and validate their

enhanced performance across a wide range of flow conditions.

2.6.3 Convective Thermal-Hydraulic Performance in Twisted Tubes: From the

Perspective of Symmetrical Cross-Sectional Shapes (Li, et al., 2023), Summary.

Li (2023) investigates how intersecting surface shapes (elliptical, triangular, rectangular, square,

circular) influence thermal fluid behaviour in twisted tubes. This study evaluates two different
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scenarios, where the first is tubes with equal cross-sectional area and the second is tubes with

equal cross-sectional perimeter (Li, et al., 2023).

The study employs 3D numerical simulation and validates results using experimental data. The
fluids considered for this study include, water and engine oil, with low Reynolds numbers of 650
—1550.

Key study assumptions:

o Fluid is steady, continuous, and incompressible.
¢ Inlet velocity is uniform.
¢ Physical properties may vary with temperature.

¢ Radiation heat transfer is neglected.

Li found that the simulations show strong spiral secondary flows caused by the geometrical twist
within the twisted tube design. This occurrence caused mixing of the hot wall fluid with cooler core
fluid within the tubes. It also enhanced the temperature gradients near the tube wall, which

improved the convective heat transfer generated within the heat exchanger.
Li concluded that with water as the working fluid:

e For equal perimeter tubes:
The twisted triangular tube STHE has the highest heat transfer, with PEF between 1.85
—-1.87.

e For equal area tubes:
Heat transfer generated within the STHE hierarchy (from best to worst):

Triangular > Rectangular > Elliptical > Square > Circular
Li concluded that with engine oil as the working fluid:
e For equal perimeter tubes:
- Re < 1100: Elliptical tube performs best with PEF between 1.39 — 1.40.
- Re > 1100: Triangular tube performs best with PEF between 1.33 — 1.37.
e For equal area tubes:

o The highest PEF generated was for the elliptical tube, with a PEF between 1.32 —
1.47.
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o Heat transfer generated within the STHE hierarchy (from best to worst):

Elliptical > Square > Rectangular > Triangular
Li also found the following pressure drop occurrences during the analysis:

e The twisted geometries increase the pressure drop alongside the heat transfer.
e Triangular tubes consistently show the highest pressure drop.
e Circular tubes show the lowest pressure drop, especially with water.

e QOil shows smaller differences between geometries due to its higher viscosity.

Conclusion:
Spiral flow within twisted tubes induces strong secondary flow, greatly enhancing convective heat
transfer. Li also concluded that the tube geometry significantly affects heat transfer, pressure

drop, and PEF. However, within the study, the best performers during the analysis were:
o Water (equal perimeter): Twisted triangular tube
o Water (equal area): Twisted triangular tube
e Qil (Re < 1100): Twisted elliptical tube
e Oil (Re > 1100): Twisted triangular tube
e Qil (equal area): Twisted elliptical tube

Overall, the triangular, elliptical, and rectangular tubes offer consistent improvements over circular

tubes.
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CHAPTER 3 EVALUATION OF A PLAIN TUBE SHELL-AND-TUBE
HEAT EXCHANGER

3.1 Introduction and Overview

This chapter is based on the factors that, considering the design of the PTSTHE, affect the overall
efficiency and performance of the heat exchanger. Within this chapter, the factors will be analysed
and validated for the PTSTHE design.

The PTSTHE design, Figure 23, is a commonly used design within the petrochemical industry of
South Africa. Many availabilities present themselves when in search of an operating plain tube
heat exchanger within the industry of interest. The design has shown great potential by giving
important feedback on how well it performs and its ability to operate in the petrochemical
industries. The design’s important properties to consider and calculate have been identified and
will be analysed in detail in order to provide an outcome of measurement regarding the capabilities

and performance.

Shell and Tube Heat Exchanger Tubing

IQSdirectory.com

Figure 23: Plain tube shell-and-tube heat exchanger (Idiamart, 2014).

3.2 Plain Tube Shell-and-Tube Heat Exchanger Theory

The process that will be used to calculate the PTSTHE's performance and output has been
identified and will be done using the following few steps and calculations.
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The overall heat transfer coefficient U when considering the design of the PTSTHE is calculated

by means of the following formula (Mills, 1999):

In the above-mentioned equation,

e d; = Inside diameter of the tubes.
e d, = Outside diameter of the tubes.

e k = Specific heat conductivity of the specified operating fluid.
3.2.1 Tube Side Heat Transfer Coefficient

The tube side heat transfer coefficients at the inlet and outlet of the PTSTHE can be determined

by means of the following equations (Subramanian, 2024);

h_(C-Re”-Pr1/3-k) 2
= 7

Where:

e Re = Reynolds number.

e Pr = Prandtl number.

e d, = Tube outside diameter (m).
e ( =Constant

e k = Heat conductivity (W/mK).

e n = Constant

The constants n and C can be defined as seen in the tables below (Subramanian, 2024).

Table 11: Values for constant C (Subramanian, 2024).

S./D, 1.25 1.5 2.0 3.0
Sp/Do
1.25 0.386 0.305 0.111 0.0703
1.50 0.407 0.278 0.112 0.0753
2.00 0.464 0.332 0.254 0.220
3.00 0.322 0.396 0.415 0.317
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Table 12: Values for constant n (Subramanian, 2024).

S./D, 1.25 1.5 2.0 3.0
Sp/Dy
1.25 0.592 0.608 0.704 0.752
1.50 0.586 0.620 0.702 0.744
2.00 0.570 0.602 0.632 0.648
3.00 0.601 0.584 0.581 0.608
Where:

e S, = Horizontal tube pitch (m)

e S, = Vertical tube pitch (m)

The inlet and outlet Prandtl number can be calculated using the following equation (Karno & Ajib,
2006):

-G, 3
k

Pr =

Where:

e u = The fluid viscosity (Pa-s).
e (, = The specific heat capacity of the fluid (J/kg-K).
e k = The heat conductivity of the fluid (W/m-K).

However, to increase the calculation accuracy of the tube side heat transfer coefficient, the heat
exchanger specific calculation was done using the average calculated fluid properties. This
approach accounts for non-linearities, as it utilises the average fluid properties which is more
representative for the fluid within the tube. These properties for the tube side heat transfer

coefficient calculation are:

e Reynolds number
e Prandtl number

e Heat conductivity

The average for each of these properties were calculated using the formula below:
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Outlet — Inlet 4

A =
verage >

3.2.2 Shell Side Heat Transfer Coefficient

The shell-side inlet and outlet heat transfer coefficient can be calculated using the following
equation (Karno & Ajib, 2006):

Where:

e k = Heat conductivity (W/m-K).
e d; = Tube inside diameter (m).

e Nu = The average Nusselt number.
The average Nusselt number can be calculated using the following formulas (Karno & Ajib, 2006);
Nu = f, - Nu, 6
Where:

e f, = The arrangement factor.

e Nuy; = The Nusselt number.

Sy

a Staggered b Aligned

Figure 24: Different tube arrangements in shell-and-tube heat exchangers (Karno & Ajib, 2006).

The arrangement factor, as expressed in Figure 24 above, is dependent on the longitudinal and

transverse tube spacing, and can be calculated by means of the following equation when the

47



tubes are aligned (Karno & Ajib, 2006). The formulas expressed below is not limited to the number

of tubes.
0.7 (3 - 0.3) !
fA,aligned =1+ b 2
Y15 (2+07)
Where the longitudinal and transverse tube spacing ratios can be defined as:
_ S1 8
a= do
S 9
h==2
do
If the tubes are staggered, the arrangement factor can be calculated as (Karno & Ajib, 2006):
10
fA,stag =1+ %
The void fraction can be calculated by means of the following (Karno & Ajib, 2006):
p=1-— forb>1 "
7 4a -
—1-— forb<1
V= 4ab for 12

The Nusselt number expressed at the inlet and outlet can be calculated using the equations listed
below (Gnielinski, 1993):

13
Nu; = 0.3 + \/Nu%,lam + Nu%,turb

Where:

e Nuy 4yrp = The turbulent Nusselt number.

®  Nu, 4, = The laminar Nusselt number.

The laminar and turbulent Nusselt numbers can be calculated using the following equations
(Karno & Ajib, 2006), with the laminar flow in tubes being when Re < 2100, and turbulent flow
when Re > 2100.
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Nuy 1gm = 0.664 - VRe - V3Pr 14

N _ 0.037 - (Re)%8 - Pr 15
bt = 0 443 - (Re) 01 - (Pre/3 — 1)

The Prandtl number, Pr, expressed in the above equations, can be calculated using the same

formulas as detailed for the tube side in equation 3.

The Reynolds number, Re, for the inlet and outlet, can be calculated as (Karno & Ajib, 2006):

T
(W'j'di> 16
v
Y

However, to also increase the calculation accuracy of the shell side heat transfer coefficient, the

Re =

heat exchanger specific calculation was done using the average calculated fluid properties, as
this approach better accounts for non-linearities. These properties for the shell side heat transfer

coefficient calculation are:

¢ Nusselt number

e Heat conductivity
The average for each of these properties were calculated using equation 4.
3.2.3 Pressure Drop

Pressure drop is a factor within STHE design which can be affected by many other variable
factors. The pressure drop refers to the loss of pressure throughout the cycle that a fluid takes
within the STHE. It refers to the total pressure difference between the inlet and outlet of the STHE.

The pressure drop of the PTSTHE can be calculated using the following formulas:
3.2.3.1 Tube Side Pressure Drop.

The total pressure drop generated on the tube side within the STHE can be calculated by means
of the formula of Sinnot (1999):

2

i o ‘W 17
P = (05 (2)- (£ " 25 (£2)
1 w

Where:

e n, = The number of tube side passes.

49



e L, =The tube length.

e d; = The tube inside diameter.

o 1 = The tube side fluid’s viscosity at bulk temperature.
e u,, = The tube side fluid’s viscosity at wall temperature.
e m = Factor linked to laminar and turbulent flow.

e p = Tube side fluid density.

e w, = Tube side fluid’s flow velocity.

e j; = Tube side friction factor obtained from Figure 25 below.

Within this study, it is assumed that the tubes used are smooth tubes, with an operating Reynolds
number < 100000, thus Blasius formula can be used to calculate the friction factor (Coetzee,
2015);

Laminar Flow f= ﬁ 18
" Re
Turbulent Flow _ 0.316 19
- Re0-25

Figure 25 below indicates the graphical selection of the tube side friction factor in accordance
with the tube side Reynolds number (Sinnot, 1999):
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Figure 25: Tube side friction factors (Sinnot, 1999).

The factor ‘m’ mentioned within the formula above, which is linked to laminar and turbulent flow,

can be expressed and defined as stated below (Sinnot, 1999):
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Laminar flow m = 0.25 Re <2100 20
Turbulent flow m = 0.14 Re > 2100 21

The total length of flow within the tubes, L, can be calculated by means of the following equation
(Sinnot, 1999):

Ly =L (np) 22
Where:

e L =The length of the tubes (m).

e n, = The number of tube passes, which can be calculated as (Sinnot, 1999):

N; 23
n, = —
(4 th
Where:

e N; = The number of tubes.

e Ny, = The number of tubes per pass.

N¢, can be calculated by means of using the following formula (Sinnot, 1999):
Ag 24

Where:

; 25
At=2'”'7l'Ltube'nt

3.2.3.2 Shell Side Pressure Drop.

The total pressure drop generated on the shell side of the plain tube heat exchanger can be
calculated and expressed using the following equation (Saffarian, et al., 2019):

D pVi 26
APspen =f’(D—S)’(NB +1) ( 25 >
e
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Where:

e f = Friction factor.

o V. = Flow velocity on the shell side (m/s*2).
e D. = Inside diameter of the shell (m).

e Ny = Number of baffles.

e p = Density of the shell-side fluid (kg/m”3).

e D, = Equivalent diameter (m).

Flow direction
|

clearance

pitch S, |

Figure 26: Tube clearance and pitch (Arveng Training, 2025).

The equivalent diameter, D,, can be calculated by using the following equation, (Subramanian,
2024):

.2 27
4 (C,, - pitch? — (”Td")>

T d,

Where:
e pitch = Tube pitch (m), Figure 26.
And C, can be defined as (Subramanian, 2024):
Square Tube Pitch C, =1 28
Triangular Tube Pitch C, = 0.86 29

Considering the smooth tube assumption within this thesis, the friction factor can be calculated

as defined within the equation below, where the factor is based on the Reynolds number. In this
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case the Reynolds number can be calculated when considering the pressure drop within the
STHE, as (Subramanian, 2024):

Turbulent Flow _ 0.316 30
- Re0-25
Laminar Flow = ﬁ 31
" Re
Reynolds Re — D, - G 32
Number u

Figure 27 below indicates the graphical selection of the shell side friction factor in accordance

with the shell side Reynolds number considering the shell diameter (Serth, 2007).
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Figure 27: Shell side friction factor in accordance with shell side Reynolds number (Serth, 2007).

3.2.4 Effectiveness

Calculating the effectiveness of the STHE is a very important factor within the petrochemical
industry. Heat exchangers play a crucial role in the energy-intensive processes of the
petrochemical industry, such as distillation, cracking, and reforming. An efficient heat exchanger
can thus help reduce energy consumption by effectively transferring heat between process
streams, thereby improving overall plant efficiency.
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When considering the STHE effectiveness analysis, if the fluid inlet and outlet temperatures are
specified, known, or can be determined by means of basic energy balance equations, the NTU
method can be used to calculate the effectiveness of the STHE. The calculation process can be
seen within the following formulas, where the overall efficiency formulation has been analysed
and formulated according to the NTU method below (Mills, 1999) (Fakheri, 2014):

Maximum Qmax = Cmin(TH,in - TC,in) 33
Energy

Tube Side Qtube = CC(TC,out - TC,iTl) 3
Energy

Shell Side Qshenn = CH(TH,in - TH,out) %
Energy

Overall - 3

tanh . <% . (1 + ml . R_Cnl)n1>
Efficiency eff =
1

M. (1 4 my - Remym

37
One Shell 0 1+ exp [_Ntu (1+ Rcz)o.s]
Side Pass &=¢& =2|1+R.+(1+R?) 705
1—exp|~Ney - (1+R:2)]
Multiple 1—g - R\™ 1—g  -R\™ -1 38
S I G I
She" S'de 1 - 81 1 - 81
Pass
Where:

®  Qmnax = The maximum energy.

e Tyin = Temperature of hot side fluid inlet.

e Ty oue = Temperature of hot side fluid outlet.

e Tcin = Temperature of cold side fluid inlet.

e Tcour = Temperature of cold side fluid outlet.

e N, = The number of transfer units.

e R, = The capacity ratio.

o m, = Fa coefficient obtained within Table 13 below.
o n, = Fa coefficient obtained within Table 13 below.

e n, = The number of shell side passes
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Table 13: Fin analogy number parameters for different heat exchangers (Fakheri, 2014).

HX Type m n
Cross flow -1.00 1.00
Parallel 1.00 1.00

The capacity ratio in the above-mentioned equation, R., can be expressed as (Mills, 1999):

Cmin 39

R, =

Cm ax

Where:

e  Cpin = The minimum heat capacity rate (W/K).

*  Cnax = The maximum heat capacity rate (W/K).

The minimum and maximum heat capacity rates can be calculated using the following equations
(Mills, 1999):

Cin = min(CHr CC) 40
Cinax = max(Cy, C¢) 41
Where:

e (y = The specific heat capacity of the fluid on the hot side (J/kg-K).
e (. = The specific heat capacity of the fluid on the cold side (J/kg-K).

The number of transfer units, NTU, in the above-mentioned equation is defined as (Mills, 1999):

U-A 42
Niy =

Cmin
Where:

e U =The overall heat transfer coefficient.
e A = The total tube surface area.
e 1 = The tube side mass flow rate.

e (, = The specific heat capacity of the tube side fluid.
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3.2.5 Energy Balance

In order to ensure that the expressed heat exchanger design has been accurately formulated, the
energy balance was calculated by using the below formulas. This energy balance is crucial to
ensure accuracy within the calculation based on the fundamental principle of energy
conservation. This principle states that energy cannot be created or destroyed, which leads to a

balance between the energy in and the energy out of the heat exchanger (Mills, 1999):

DH A Qi+ Y Wi= Y Hot ) Qo+ ) W, 43
Where:

e H; = Inlet Enthalpy

e Q; = Inlet heat energy

e W; = Inlet work energy

e H, = Outlet Enthalpy

e (Q, = Outlet heat energy
e W, = Outlet work energy

The above-mentioned equation can be simplified for a single STHE as seen below (Mills, 1999):

(myhy + mehe)y=0 = (Myhy + mche)y=y 44
my (hH,o - hH,L) =mc (hC,L - hC,o) 4
Qin =My (hH,o - hH,L) 46

Qout = mc (hC,L - hC,o) 47

Where:

e my = The shell side (hot) fluid mass flow rate
e m, = The tube side (cold) fluid mass flow rate
e hy = The shell side (hot) fluid enthalpy.

e h¢ = The tube side (cold) fluid enthalpy.

By means of using the above equations, the energy balance of the STHE can be calculated and

determined.
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3.3 Plain Tube Shell-and-Tube Heat Exchanger Calculation Process

The process that will be used in order to calculate the PTSTHE’s output and performance, can
be seen in the below expressed diagrams.

3.3.1 Tube side heat transfer coefficient calculation.

Inputs
Ave. viscosity
Ave. specific heat
capacity

Ave. conductivity

\ 1. Inlet & outlet

Prandtl number,
equation 3.

Inputs
* Tube diameter
Ave kinematic
viscosity

Ave. flow velocity
Ave. conductivity

2. Inlet & outlet tube
side heat transfer
coefficient,
equation 2.

Inputs
+ Tube diameter
* Ave. conductivity

3. Overall heat
transfer coefficient,
equation 1.

Figure 28: Plain tube, tube side heat transfer coefficient calculation.

3.3.2 Shell side heat transfer coefficient calculation.

Inputs
Transverse
tube spacing

ratio

Inputs
*  Ave.flowvelocity
Tube diameter

1. Inlet & Outlet
Reynolds number,

Inputs

10. Staggered

Prandtl equation 16. Void fraction
number Ave. kinematic
arrangementfacmr, i
N Reynolds /\ viscosity
Inputs equation 10. number

Nusselt -

number 2. Laminar Nusselt

Arrangement

3. Turbulent Nusselt
factor

number, equation number, equation

. 14. 15.
11. Average inlet &
outlet Nusselt \
number, equation 6.
Inputs

Ave. conductivity
Nusselt number

Inputs 4. Combined

Inputs

Laminar Nusselt Nusselt number, *  Prandtl
Tube diameter number equation 13. number
12. Inlet & outlet Turbulent Reynolds
) humber
Nusselt number
heat transfer
coefficient,

equation 5.

Inputs
Tube diameter
Ave. conductivity

5. Longitudinal tube
spacing ratio,
equation 8.

l

6. Transverse tube
spacing ratio,

Inputs
Vertical tube
spacing

Tube diameter

13. Overall heat
] transfer coefficient,

equation 33.

Inputs
Horizontal
tube spacing
Tube diameter

Inputs

Longitudinal
Inputs equation 9. tube spacing
Longitudinal &

ratio

Transverse tube If, b<1 /\ If, b=1
spacing ratio

7. Void fraction, 8. Void fraction,
equation 12. equation 11.
\ / Inputs
* Longitudinal tube
9. Aligned spacing ratio
arrangement factor, Transverse tube
spacing ratio
equation7. Void fraction
|

Figure 29: Plain tube, shell side heat transfer coefficient calculation.

57



3.3.3 Tube side pressure drop calculation.

Inputs
*  Tubearea
Tube diameter

1. Number of tubes
per pass, equation
24.

]

2. Number of tube
passes, equation
23.

!

3. Total length of
tube side flow,

Inputs

tubes

Inputs
*  Tubelength

Number of

equation 22.
If,Re>2100 .~ \. If,Re <2100
4.m=0,14, 4.m = 0,25,
equation 21. equation 20.

N~

5. Friction factor,
equation 18 & 19.

|

6. Tube side
pressure drop,
equation 17.

Inputs

*  Number of tube
passes
Friction factor
Tube diameter
Ave. bulk viscosity
+  Ave.wallviscosity
*  Ave.density

Ave. flow velocity

Inputs

Average
Reynolds
number

Figure 30: Plain tube, tube side pressure drop calculation.

3.3.4 Shell side pressure drop calculation.

If, Square Tube Pitch 1.0,=1

2.C, =086

™~

/

3. Equivalent

diameter, equation

Inputs
* Tubepitch 27.
*  Tube diameter 1
4. Reynolds

Inputs
= Ave.mass flux

32.

number, equation

*  Ave.viscosity

O\

5. Laminar friction
factor, equation 31.

factor

Inputs

6. Turbulent friction

, equation 30.

* Shelldiameter

* Equivalent
diameter
Number of baffles

~

-

*  Ave. density
Ave. flow velocity

pressure drop,
equation 26.

7. Overall shell side

Figure 31: Plain tube, shell side pressure drop calculation.
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3.3.5 Effectiveness calculation.

If, one shell side pass

Inputs
Capacity ratio
NTU variable
e

Inputs

1. NTU, equation 42.

O\

Inputs
Cold specific
heat capacity
Hot specific

heat capacity

If, multiple shell side pass

Inputs
Capacity ratio
NTU variable
©

1. NTU, equation 42.

O\

Inputs

Cold specific Ceold specific

heat cap§§\ty heat capacity

Hot specific 2. Minimum 3. Maximum 2. Minimum 3. Maximum Hot specific

heat capacity capacity rate, capacity rate, capacity rate, capacity rate, heat capacity
equation 40. equation 41. equation 40. equation 41.

Inputs
Effectiveness
Number of
payments on
loan

Inputs
NTU

Fa coefficients
Capacity ratio

N\

-

4. Capacity ratio,
equation 39.

!

Inputs

* Tube side heat
capacity rate
Tube side outlet &

inlet temperature

N S

4. Capacity ratio,
equation 39.

l

Inputs

5. Effectiveness,
equation 37 & 38.

!

6. Overall
effectiveness,
equation 36.

Y

7. Tube side energy,
equation 34.

l

8. Shell side energy,
equation 35.

|

Inputs
* Shell side heat
capacity rate

Shell side outlet &
inlet temperature

6. Max energy,
equation 33.

Figure 32: Plain tube, effectiveness calculation.

3.3.6 Energy Balance

Inputs

* Ave. shell side mass flow rate
Ave. shell side outlet
enthalpy

*  Ave. shell side inlet enthalpy

*  Ave.tube side mass flow rate

*  Ave.tube side outlet

enthalpy

Ave. tube side inlet enthalpy

Inputs

enthalpy

1. Inlet energy,
equation 46.

enthalpy

|

2. Outlet energy,
equation 47.

Figure 33: Plain tube, energy balance calculation.

Ave. shell side mass flow rate
Ave. shell side outlet

Ave. shell side inlet enthalpy
Ave. tube side mass flow rate

Ave. tube side outlet

Ave. tube side inlet enthalpy

Effectiveness
Number of
payments on

5. Effectiveness,

equation 37 & 38.
6. Overall Fa coefficients
effectiveness, Capacity ratio
equation 36.

Inputs
+  C_min (min heat
capacity rate)

Shell side & tube side
inlet temperature

3.4 Calculated Output and Validation of Calculated Results

In order to validate the calculated results of the thesis for the plain tube design, the following

outputs will be compared to previous completed studies in the similar field of interest:

e Shell side pressure drop vs the mass flow rate within the shell.
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e Tube side heat transfer coefficient vs the tube side fluid Reynolds number.

o Shell side pressure drop vs the shell side Reynolds number.

o Tube side pressure drop vs the tube side Reynolds number.

o Shell side mass flow rate vs the heat exchanger effectiveness.

3.4.1 Shell Side Pressure Drop vs the Shell Side Mass Flow Rate

The design parameters and conditions used within the validation study of Saffarian, et al. (2019)

can be seen in the table below. The design data, stipulated below, was used within the EES

calculation for the validation of the calculation.

Table 14: Design data and parameters of the validation study (Saffarian, et al., 2019).

Validation Study

Variable Value Unit
Shell Diameter 200  mm
Tube Diameter 15 | mm
Tube Length 500 | mm
Number of Tubes 37 | -

Shell Inlet/Outlet Diameter 100  mm
Number of Baffles 4 -
Variable Water Air

Dynamic Viscosity 0.0003545 0.00001754 | Pa-s
Specific Heat Ratio 1.0000000 1.40000000 | -
Specific Heat Capacity 4194.0000000 = 1006.00000000 | J/kg-K
Density 971.8000000 1.26900000 kg/m?®
Thermal Conductivity 0.6562000 0.02401000 | W/m-K

The obtained results calculated within the study “Numerical study of shell and tube heat

exchanger with different cross-section tubes and combined tubes” along with the overlaying

simulated output, can be seen in Figure 34 below (Saffarian, et al., 2019).
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Shell side pressure drop vs mass flow rate
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Figure 34: Plain tube, tube side mass flow rate vs tube side pressure drop validation output.
e Re >4000

By means of analysing the above graphical validation output, the following calculated conclusions

can be made:

Table 15: Plain tube, shell side pressure drop vs shell side mass flow rate, graphical annalistic output.

Variable Value Unit
Average percentage error 0.59 | %
Maximum percentage error 141 | %
Standard deviation 043 | -

r? value 0.99 -

3.4.2 Tube Side Heat Transfer Coefficient vs Tube Side Fluid Reynolds Number

The design parameters and conditions used within the validation study of Saffarian et al. (2019)
can be seen within Table 14. The design data, stipulated within the table, was used within the
EES calculation for the validation of the calculation.

The heat transfer coefficient and corresponding Reynolds number calculated can be validated
using the calculated trend of the obtained results within the validation study “Numerical study of
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shell and tube heat exchanger with different cross-section tubes and combined tubes”. Said study
compared the different heat transfer coefficients calculated to their corresponding Reynolds
number for tubes of different cross-sections, and focused on circular tubes (CT) and elliptical
tubes (ET) with the attack angles of 0° and 90°.

The obtained results calculated within the study “Numerical study of shell and tube heat
exchanger with different cross-section tubes and combined tubes” along with the overlaying

simulated output, can be seen in Figure 35 below (Saffarian, et al., 2019).

Tube side heat transfer coefficient vs Reynolds number
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Figure 35: Plain tube, tube side heat transfer coefficient vs tube side fluid Reynolds number validation output.

The graph above is simulated only for the following non dimensional variables:
e Re >4000

By means of analysing the above graphical validation output, the following calculated conclusions
can be made.
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Table 16: Plain tube, tube side heat transfer coefficient vs tube side Reynolds number, graphical annalistic
output.

Variable Value Unit
Average percentage error 3.00 | %
Maximum percentage error 548 | %
Standard deviation 1.83 | -

r? value 0.93 -

3.4.3 Shell Side Pressure Drop vs the Shell Side Reynolds Number

The design parameters and conditions used within the validation study of Saffarian et al. (2019)
can be seen in Table 14. The design data, stipulated within the table, was used in the EES

calculation for the validation of the calculation.

The shell side pressure drop in correspondence with the shell side fluid Reynolds number can be
validated using the study “Numerical study of shell and tube heat exchanger with different
cross-section tubes and combined tubes”. The obtained result within the mentioned study can
then be used to validate the calculated output by comparing the obtained graph trend between
the two outputs. The validation output expresses that little to no deviation occurred during the

validation calculation.

The obtained results calculated within the study “Numerical study of shell and tube heat
exchanger with different cross-section tubes and combined tubes”, along with the overlaying

simulated output, can be seen in Figure 36 below (Saffarian, et al., 2019).
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Shell side pressure drop vs Reynolds number
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Figure 36: Plain tube, shell side pressure drop vs shell side Reynolds number validation output.
The graph above is simulated only for the following non dimensional variables:

e Re=>4000

By means of analysing the above graphical validation output, the following calculated conclusions
can be made.

Table 17: Plain tube, shell side pressure drop vs shell side Reynolds number, graphical annalistic output.

Variable Value Unit
Average percentage error 485 %
Maximum percentage error 722 | %
Standard deviation 1.75 | -

r? value 0.97 -

3.4.4 Tube Side Pressure Drop vs the Tube Side Reynolds Number

The design parameters and conditions used within the validation study of Mohammad Reza
Saffarian (2019), can be seen within Table 14. The design data, stipulated within the table, was
used within the EES calculation for the validation of the calculation.
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The tube side pressure drop with the corresponding Reynolds numbers can be validated using
the obtained results with the study, “Numerical study of shell and tube heat exchanger with
different cross-section tubes and combined tubes”. The graphical trend calculated can be used
to validate the accuracy of the EES output. The validation output expresses that little to no

deviation occurred during the validation calculation.

The obtained results calculated within the said study, along with the overlaying simulated output,

can be seen in Figure 37 below.

Tube side pressure drop vs Reynolds number
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Figure 37: Plain tube, tube side pressure drop vs tube side Reynolds number validation output.
The graph above is simulated only for the following non dimensional variables:
e Re >4000

By means of analysing the above graphical validation output, the following calculated conclusions
can be made.

Table 18: Plain tube, tube side pressure drop vs tube side Reynolds number, graphical annalistic output.

Variable Value Unit
Average percentage error 539 | %
Maximum percentage error 719 | %
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Standard deviation

r? value

1.96 | -

0.99 -

3.4.5 Shell Side Mass Flow Rate vs the Heat Exchanger Effectiveness

The design parameters and conditions used within the validation study of Husseini et al. (2021)

can be seen in the table below. The design data, stipulated below, was used in the EES

calculation for the validation of the calculation.

Table 19: Design data and parameters of the validation study (Husseini, et al., 2021).

Validation Study

Variable Value Unit
Shell side fluid Water | -
Tube side fluid Water | -
Internal tube diameter 0.0254 m
Outside tube diameter 0.0257 m
Internal shell diameter 0.1544 m
Outside shell diameter 0.1564 m
Tube side mass flow rate 1.5 | kg/s
Shell side mass flow rate 1.5 | kg/s
Tube length 20 m
Number of baffles 220 -
Number of tubes 120 | -

Inlet Tube temperature 313.0 | K
Outlet tube temperature 3044 | K

Inlet shell temperature 313.0 | K
Outlet shell temperature 3115 | K

Inlet tube pressure 100.3 | kPa
Outlet tube pressure 103.7 | kPa
Inlet shell pressure 100.3 | kPa
Outlet shell pressure 115.5 | kPa
Shell side fluid density 994.75 | kg/m"?
Tube side fluid density 996.1 | kg/m”3
Shell side fluid specific heat capacity 4178.375 | JIkg-K
Tube side fluid specific heat capacity 4179.125 | J/kg-K
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Validation Study

Variable Value Unit
Shell side fluid viscosity 698.0 | Pa-s
Tube side fluid viscosity 786.0 | Pa-s
Shell side fluid inlet conductivity 0.624 | Wim-K
Shell side fluid outlet conductivity 0.632 | Wim-K
Tube side fluid inlet conductivity 0.616 | W/m-K
Tube side fluid outlet conductivity 0.614 | Wim-K
a 1.25 | -

b 1.5 -

n 1.0 | -

Inlet tube Prandtl number 1000.0 | -
Outlet tube Prandtl number 2000.0 | -

Inlet tube side Reynolds number 3000.0 | -
Outlet tube side Reynolds number 10000.0 | -

Inlet tube side fluid velocity 0.887 | m/s
Outlet tube side fluid velocity 0.443 | m/s

The mass flow rate and effectiveness calculated output can be validated using the study “Design

A Prototype Module for Al-Mussaib Thermal Power Plant” by Husseini (2021). The study’s focus

is directly toward designing a prototype shell and tube heat exchanger for Al-Mussaib thermal

power plant (Husseini, et al., 2021).

The obtained results calculated within the study “Design A Prototype Module for Al-Mussaib

Thermal Power Plant”, along with the overlaying simulated output, can be seen in Figure 38 below

(Husseini, et al., 2021).
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Heat exchnager efficiency vs shell side mass flow rate
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Figure 38: Plain tube heat exchanger efficiency vs shell side mas flow rate validation output.

The graph above is simulated only for the following non-dimensional variables:

e Re >4000

By means of analysing the above graphical validation output, the following calculated conclusions

can be made.

Table 20: Plain tube heat exchanger efficiency vs shell side mass flow rate, graphical annalistic output.

Variable Value Unit
Average percentage error 3.39 | %
Maximum percentage error 6.65 | %
Standard deviation 263 | -

r? value 0.97 -

3.4.6 Energy Balance

Considering the studies used for the validation of the EES simulation, the following energy

balances were obtained for each validation study used.
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Table 21: Plain tube, validation study energy balance output.

Study Energy Balance [kW] Difference [%]

“‘Numerical study of shell and tube heat Inlet Energy = 721 kW
exchanger with different cross-section tubes

= o
and combined tubes” (Saffarian, et al., 2019). Outlet Energy = 719 kW 0.28 %

Balance = 2 kW

“Design A Prototype Module for Al-Mussaib Inlet Energy = 203.4 kW

Thermal Power Plant” (Husseini, et al., 2021).
Outlet Energy = 203 kW 0.19 %

Balance = 0.4 kW

Considering the obtained outputs for the energy balance calculated, it can be seen that little to no
difference is obtained for the energy produced by the inlet of the heat exchanger model to that
measured at the outlet of the heat exchanger. The small difference within the obtained energy
balance could be explained in the sense that some heat energy is absorbed by the environment

during the operation of the heat exchanger.

3.5 Summary

The validation of the plain-tube STHE involved comparing the EES calculated results with data
from two previously conducted and established studies, namely: Mohammad Reza Saffarian
(2019) and Husseini (2021).

Using identical geometrical configurations and fluid properties, five key performance relationships
were examined for the plain tube STHE during the validations of the EES calculation model.

These relations include:

o Shell-side pressure drop versus shell-side mass flow rate.

e Tube-side heat-transfer coefficient versus Reynolds number.
o Shell-side pressure drop versus shell-side Reynolds number.
e Tube-side pressure drop versus tube-side Reynolds number.

¢ Shell-side mass flow rate versus heat-exchanger effectiveness.
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In each case, the simulated outputs followed the reference trends of the validation studies closely,
demonstrating a strong alignment between the EES calculation model predictions and the

published results.

Considering the validations found within Mohammad Reza Saffarian (2019), the shell side and
tube-side pressure drop correlations showed excellent agreement, with average errors below 6%
and r? values of 0.97 - 0.99. Similarly, the tube side heat transfer coefficient comparison produced
an average error of just 2.21%, confirming that the EES model accurately captures turbulent flow
heat transfer behaviour for Reynolds numbers above 4000. Only minor deviations were observed
during the validations across all datasets, remaining well within acceptable engineering

tolerances.

Analysing the validation performed using Husseini (2021) focused on heat exchanger
effectiveness as a function of shell side mass flow rate. Again, the EES simulation closely
matched the published results, yielding an average error of 3.05% and an r? value of 0.98. This
supported the reliability of the effectiveness calculations under the examined operating

conditions.

Finally, the energy balance checks done for both studies showed extremely small differences,
between inlet and outlet energy values, less than 0.3%. This confirms that the model is
thermodynamically consistent and that any minor discrepancies can be attributed to small heat
losses to the environment. Overall, the validation results demonstrate that the plain tube STHE

model is accurate, consistent, and robust across all evaluated performance metrics.
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CHAPTER 4 EVALUATION OF A TWISTED TUBE SHELL-AND-
TUBE HEAT EXCHANGER

4.1 Introduction and Overview

This chapter is based on the factors that, considering the design of the TTSTHE, affect the overall
efficiency and performance of the heat exchanger. Within this chapter, the factors will be analysed

and calculated for the TTSTHE design within the petrochemical industry of South Africa.

Considering this chapter, the design conditions of an operational PTSTHE will be implemented
into the TTSTHE design, Figure 39, in order to evaluate the operating and performance
capabilities of the twisted tube heat exchanger under the design conditions of a PTSTHE
operating within the petrochemical industry of South Africa. This chapter will consist of the
calculation process followed in order to calculate and evaluate the TTSTHE under the mentioned
conditions. It will also include the validation of the calculated result for the twisted tube heat
exchanger by means of a comparison to previously conducted studies within other countries. The
properties to consider as identified within the previous chapter for the PTSTHE, will also be
analysed and calculated within this chapter for the twisted tube heat exchanger, in order to provide
a comparison between the plain tube and twisted tube heat exchanger designs under the same

conditions, by evaluating the same properties for each exchanger as identified.

Figure 39: Twisted tube pitch section view (Danielsen, 2009).

4.2 Twisted Tube Shell-and-Tube Heat Exchanger Theory

The process that will be used to calculate the TTSTHE'’s performance and output will be done

using the following few steps and calculations.
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The overall heat transfer coefficient of the TTSTHE can be calculated as follows (Barraza-Colon
& Picon-Nunez, 2022):

11 - 48
U=(—+—+R, +R
(hl-+ho+ w f)

Where:

e R, = The thermal resistance due to conduction through the wall (m”*2K/W)

e Ry = The thermal resistance due to fouling (m"2K/W)
4.2.1 Tube Side Heat Transfer Coefficient

Calculating the tube side heat transfer coefficient of the TTSTHE, consists of the following few

steps and formulas.

Self-supporting
point

Figure 40: Twisted tube dimensional constraints visual specification (Razzaq & Mushatet, 2023).
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Figure 41: Twisted tube geometry and pitch (Barraza-Colon & Picon-Nunez, 2022).

The tube side heat transfer coefficient at the inlet and outlet of the TTSTHE can be calculated

using the following(Barraza-Colon & Picon-Nunez, 2022):

e 0.8 a)_0.59:| [ P —0.165] k 49

R
h=0.034-(—) p 0-33-[— - :
w r (b dne e

Where:

e dj. = Hydraulic diameter of the tubes (m).

e w = Velocity of tube side fluid (m/s).

e a = Vertical tube inside diameter (m).

e b = Horizontal tube inside diameter (m).

e P = Twisted tube twist pitch length (m), Figure 41.

e k = Thermal conductivity of the tube side fluid (W/m-K).

The hydraulic diameter, d;,, of the twisted tubes was calculated as for an ellipse, using the below

formulas (Barraza-Colon & Picon-Nunez, 2022):

J 4. A 50
"t ™ Perimeter
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Perimeter =2-m-a+4-(b—a) 52
Where:
e L =Tube length (m), Figure 40.

The vertical and horizontal tube inside diameters, as well as the twisted tube twist pitch length,

can be expressed as seen in Figure 41 above.

The inlet and outlet Prandtl numbers can be expressed by means of the following equations
(Barraza-Colon & Picon-Nunez, 2022):

-G, 53

Pr =
"%

Where:

e u = The fluid viscosity (Pa-s).
e (, = The specific heat capacity of the fluid (J/kg-K).
e k = The heat conductivity of the fluid (W/m-K).

The tube side inlet and outlet Reynolds numbers can be calculated using the following formula
(Barraza-Colon & Picon-Nunez, 2022):

_f'p'WZ'L 54

Re
u- dh,t

Where:

e w = Fluid flow velocity at the shell side (m/s).
e p = The density of the shell side fluid (kg/m”3).

The friction factor, f, can be calculated using the below equation (Barraza-Colon & Picon-Nunez,
2022):

p \7%082 - 033 55
b

f =9.461-Re"0521. (—

dp,¢

However, to increase the calculation accuracy of the tube side heat transfer coefficient, the heat
exchanger specific calculation was done using the average calculated fluid properties, as this
approach better accounts for non-linearities. These properties for the tube side heat transfer

coefficient calculation are:
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e Reynolds number
e Fluid velocity
e Prandtl number

e Thermal conductivity
The average for each of these properties were calculated using equation 4.
4.2.2 Shell Side Heat Transfer Coefficient

The shell side heat transfer coefficient of the TTSTHE can be calculated using the following few
formulas, where the inlet and outlet heat transfer coefficients of the twisted tube heat exchanger

can be expressed as (Barraza-Colon & Picon-Nunez, 2022):
h = kg - (Gg)"® 56
Where:
e ks = Defined parameter.

The mass flux G, can be calculated using the below formula (Barraza-Colon & Picon-Nunez,
2022):

57

Where:
e A, =The free flow area (m”2).

The parameter, k.3, can be defined by means of the following formula (Barraza-Colon & Picon-
Nunez, 2022):

%) .k - Pro33. Frm_0'4347 . [1 +3.6- (Frm)_0'357] 58

D,

0.2379 -
kss = (

e k = The heat conductivity of the fluid (W/m-K).
e Pr = Shell side Prandtl number, above equation 53.
e Frn, = Modified Froude number.

e 1 = Viscosity of tube side fluid (Pa-s).
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The Prandtl number as specified within the above equation can be calculated using the same

formula as specified within equation 3, with the selected shell side conditions.

The free flow area, A., at the inlet of the shell can be calculated using the following equation
(Barraza-Colon & Picon-Nunez, 2022):

- dh,SZ * Nt 59

4-N,

A, =

Where:

e N, = Number of tubes.

e N, = Number of tube passes.

The modified Froude number can be calculated as (Munoz-Carpena, et al., 1993):

w 60
Fin = g ay0s
Where:

e w = The flow velocity (m/s).
e g = The gravitational acceleration (m/s”2).
e d = The depth of the flow (m).

The flow velocity can be calculated as (Munoz-Carpena, et al., 1993):

0.5 1
W= (g 'Ac,t> 6
Bs:

Where:

e A.. = Cross sectional area of the tubes (m"2).

e B, = Surface width of the tubes (m).

However, to also increase the calculation accuracy of the shell side heat transfer coefficient, the
heat exchanger specific calculation was done using the average calculated fluid properties, as
this approach better accounts for non-linearities. These properties for the shell side heat transfer

coefficient calculation are:

e Fluid viscosity

e Prandtl number
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e Heat conductivity
e Froude number

e Mass flux
The average for each of these properties were calculated using equation 4.
4.2.3 Tube Side Pressure Drop

The tube side pressure drop can be calculated and expressed by means of the following formula
(Tan, et al., 2012):

AP:ft'L'pt'Wtz 62
t Z.dh,t

Where:

e f; = The tube side friction factor.
e p; = The tube side fluid density (kg/m”3).
e w, = The tube side fluid flow velocity (m/s).

e dj. = The hydraulic diameter of the tubes (m).

The friction factor, Reynolds number 5000 < Re < 100000, tube side fluid flow velocity, and the

hydraulic diameter of the tubes can be calculated using the following equations (Tan, et al., 2012):

fi = 0.143 - Re,~*1%° 63
Re, = Pt V‘Z “dpt 64
t
A 65
Wy = A_t
dy, = 4 ,;1;,566 66

Where:

e Re; = Tube side Reynolds number.
e 4, = Tube side fluid viscosity (Pa-s).
e V; = Tube side volumetric flow rate (m”3/s).
e A, = Tube side flow area (m"2).
e A;sec = Tube sectional area (m”2).
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If the twisted tubes within the TTSTHE are manufactured from circular round tube, the perimeter

of the twisted tubes can be expressed as (Tan, et al., 2012):
Py =2-ditype +2-L 67
Where:
e d;upe = The inside diameter of the initial tube (m).

4.2.4 Shell Side Pressure Drop

The TTSTHE’s shell side pressure drop can be calculated by means of the following equation
(Tan, et al., 2012):

=fs'Ls'ps'W52 63

AP,
s 2-dp

Where:

e f. = The shell side friction factor.

e L, =The shell length (m).

e p, = The shell side fluid density (kg/m”"3).

e w; = The shell side fluid flow velocity (m/s).

e d; ¢ = The hydraulic diameter of the shell (m).

The friction factor, Reynolds number 5000 < Re < 100000, tube side fluid flow velocity, and the

hydraulic diameter of the tubes can be calculated using the following equations (Tan, et al., 2012):

fi = 0.143 - Re,~%16? 69
Re. = Ps * Ws * dh,s 70
y Us
W 71
Wg _AS
e 4+ Agsec 72

2 di,shell +2- L
Where:
e Re, = Shell side Reynolds number.

e u, = Shell side fluid viscosity (Pa-s).
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e V. = Shell side volumetric flow rate (m”3/s).
o A, = Shell side flow area (m”2).

® Assec = Shell sectional area (m"2).

® d;shey = Inside shell diameter (m).

e L, = Length of the shell (m).

4.2.5 Effectiveness

The effectiveness of the TTSTHE can be calculated and expressed in terms of the NTU method

by means of the same formulas used in section 3.2.4.

4.2.6 Energy Balance

In order to ensure that the expressed heat exchanger design has been accurately formulated, the

energy balance was calculated by using the same formulas as listed in 3.2.5.
4.3 Twisted Tube Shell-and-Tube Heat Exchanger Calculation Process

The process that will be used in order to calculate the TTSTHE’s output and performance, can be

seen in the below expressed diagrams.

4.3.1 Tube side heat transfer coefficient calculation

Inputs Inputs
*  Vertical tube * Tube length
inside diameter * Hydraulic
diameter

* Horizontal tube
inside diameter

K 4. Tube perimeter, 5.Tube area,
equation 51.

equation 52.

Inputs

Inputs

: :;Z';':;tos'w +  Tubearea
Dap;‘mity *  Perimeter
*  Ave. conductivity
6. Hydraulic
3. Prandtl number, di i Inputs

; iameter, equation +  Reynolds number
equation 53. 50, + Ave. flow velocity
Inputs * Ave.Prandtlnumber

= Friction factor *  Pitch length
*  Ave.density
*+  Ave.flow velocity
*  Tube length
* Hydraulic

*  Hydraulic diameter

= Ave. conductivity

= Vertical tube inside diameter

* Horizontal tube inside diameter

1 l

2. Reynolds 7. Tube side heat
number, equation transfer coefficient,
54, equation 49.

Inputs
* Reynolds number
Inputs

*  Pitch length

*  Hydraulic diameter
*  Vertical tube inside diameter
* Horizontal tube inside

* Inlet heat transfer cosfficient
*  Outlet heat transfer coefficient
*  Tubediameter
*  Ave. conductivity

I ,

diameter 8. Overall tube side
1. Friction factor, heat transfer
equation 55. coefficient,
equation 48.

Figure 42: Twisted tube, tube side heat transfer coefficient calculation.
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4.3.2 Shell side heat transfer coefficient calculation

Inputs

*  Ave.viscosity
*  Ave. specific heat
capacity
*  Ave. conductivity
Inputs
+  Gravitational
acceleration 6. Prandtl number,
+ Cross sectional equation 53.
area of tubes
Surface width
Inputs
2. Flow velocity, +  Ave.mass
equation 61. flow rate
Inputs * Shellarea
* Ave. flow velocity
*  Gravitational 7. Ma§3 flux,
acceleration equation 57.
*  Flowdepth
3. Modified Froude
Inputs .
*  Ave.conductivity number, equation
= Ave.Prandtl number 60.
* Equivalent diameter
* Ave.shell mass flow ‘ 8. Heat_tr_anSfer
rate coefficient,
* Froude number equation 56.
= Ave.viscosity
* Shell diameter Input:
nputs
. Avedensity 4 Parame.ter ks, + Inlet heat transfer
equation 58. coefficient
*  Outlet heat transfer
H coefficient
Inputs 9. Overall shell side . .
+ Hydraulic diameter heat transfer Thermal resma-nce
* Number of tubes . due to conduction
*  Number of passes coefficient, +  Thermalresistance
P equation 48. due to fouling
5. Free flow area,
equation 59.

Figure 43: Twisted tube, shell side heat transfer coefficient calculation.

4.3.3 Tube side pressure drop calculation

Inputs
* Tube diameter

+  Tube length

\, 1. Twisted tube
perimeter, equation

A 4

67.

Inputs 4. Tube side
*  Tube Reynolds number,
perimeter equation 64.

Inputs
* Ave. tube side

fluid density
*  Ave. tube side
fluid viscosity
*  Hydraulic
diameter
Ave. flow
velocity

+  Tubearea

—\. 2. Twisted tube
hydraulic diameter,

equation 66.

Input .
oS 5. Friction factor,

= Ave. volumetric t
flow rate equation 63.
* Ave. tube side

flow area

_\b 3. Fluid velocity,

equation 65.

6. Twisted tube side
pressure drop,
equation 62.

Figure 44: Twisted tube, tube side pressure drop calculation

80

Inputs
* Reynolds
number

nputs
*  Friction factor
*  Tube length

*  Ave. density
*  Ave.flow
velocity

Hydraulic
diameter




4.3.4 Shell side pressure drop calculation

Inputs
Sectional shell area
Internal shell
diameter
Shell length

Inputs
*  Ave. shell side
volumetric flow
rate

* Shell sectional area

Inputs
= Ave. density

= Ave. flow velocity
Hydraulic diameter
*  Ave.viscosity

1. Hydraulic
diameter, equation
72.

l

2. Fluid viscosity,
equation 71.

3. Tube side
Reynolds number,
equation 70.

Y

4. Friction factor,
equation 69.

|

6. Twisted shell side
pressure drop,
equation 68.

L |

Figure 45: Twisted tube, shell side pressure drop calculation.

4.3.5 Effectiveness calculation

The process that will be used in order to calculate the TTSTHE’s effectiveness can be seen as

indicated in Figure

4.3.6 Energy Ba

The process that will be used in order to calculate the TTSTHE’s energy balance can be seen as

indicated in Figure

32.

lance

33.

Inputs
Reynolds
number

Inputs
+  Friction factor

*  Shelllength

*  Ave. density

*  Ave. flow velocity
Hydraulic diameter

4.4 Calculated Output and Validation of Calculated Results

In order to validate the calculated results of the thesis for the twisted tube design, the following

outputs will be compared to previous completed studies in the similar field of interest.

e Tube side heat transfer coefficient vs the tube side fluid Reynolds number.
e Shell side pressure drop vs the shell side Reynolds number.

e Tube side pressure drop vs the tube side Reynolds number.

o Shell side mass flow rate vs the heat exchanger effectiveness.

e Tube side heat transfer coefficient vs the twist pitch.
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4.41 Tube Side Heat Transfer Coefficient vs Tube Side Fluid Reynolds Number

The design parameters and conditions used within the validation study of Barraza-Colon and

Picon-Nunez (2022) can be seen in the table below. The design data, stipulated within the table,

was used within the EES calculation for the validation of the calculation.

Table 22: Design data and parameters for the validation study (Barraza-Colon & Picon-Nunez, 2022).

Validation Study

Variable Value Unit
Tube Length 9920.00 | mm
Shell diameter 1390.00 | mm
Hydraulic tube diameter 8.76 | mm
Number of Tubes 1601.00 | -

Tube side pressure drop 23.44 | kPa
Variable Sea Water A gas

Mass flow rate 1.570 1.880 | kg/s
Inlet temperature 30.000 89.200 | °C
Viscosity - 0.354 cP
Density 1160.000 971.800 | kg/m”"3
Conductivity 0.210 670.000 W/m-°C

The tube side heat transfer coefficient with the corresponding tube side Reynolds number, can
be validated using the obtained results with the study “Improved heat recovery using twisted tube
exchanger technology”. The graphical trend calculated can be used to validate the accuracy of

the EES simulated output.

The obtained results calculated within the study “Improved heat recovery using twisted tube
exchanger technology”, along with the overlaying simulated output, can be seen in Figure 46
below (Barraza-Colon & Picon-Nunez, 2022).
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Tube side heat transfer coefficient vs Reynolds number
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Figure 46: Twisted tube, tube side heat transfer coefficient vs tube side Reynolds number validation output.

The graph above is simulated only for the following non dimensional variables:

e 1500 < Re <5500

By means of analysing the above graphical validation output, the following calculated conclusions

can be made.

Table 23: Twisted tube, tube side heat transfer coefficient vs tube side Reynolds number, graphical annalistic

output.
Variable Value Unit
Average percentage error 247 | %
Maximum percentage error 453 %
Standard deviation 1.51 | -
r? value 0.99 -
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4.4.2 Shell Side Pressure Drop vs the Shell Side Reynolds Number

The design parameters and conditions used within the validation study of Dong (2020) can be
seen in the table below. The design data, stipulated within the table, was used within the EES

calculation for the validation of the calculation.

Table 24: Design data and parameters of the validation study (Dong, et al., 2020).

Validation Study

Variable Value Unit
Tube Diameter 19 | mm
Tube Length 1500 | mm
Tube Thickness 1.5 mm
Number of Tubes 7 -

a 235 mm
b 135  mm
Variable Water Thermal Oil

Velocity 3.0 140 m/s
Inlet temperature 17.0 60.00 | °C
Reynolds number 12000-45000 300-2050 | -

The shell side pressure drop in correspondence with the shell side fluid Reynolds number can be
validated using the following study: “Experimental research on heat transfer and flow resistance
properties in spiral twisted tube heat exchanger”. The obtained result within the mentioned study
can be used to validate the calculated output by comparing the obtained graphical trend between

the two outputs, as well as the accuracy of the data points obtained between the two studies.

The obtained results calculated within the study along with the overlaying simulated output, can
be seen in Figure 47 below (Dong, et al., 2020).
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Shell side pressure drop vs Reynolds number

4,5

3,5

Pressure drop (Pa)

0 200

400 600 800 1000 1200 1400

Reynolds number (-)

—@— Validation @— Simulation

Figure 47: Twisted tube, shell side pressure drop vs shell side Reynolds number validation output.

The graph above is simulated only for the following non dimensional variables:

e 500 < Re< 1500

1600

By means of analysing the above graphical validation output, the following calculated conclusions

can be made.

Table 25: Twisted tube, shell side pressure drop vs shell side Reynolds number, graphical annalistic output.

Variable Value Unit
Average percentage error 3.98 | %
Maximum percentage error 6.72 | %
Standard deviation 1.8 | -

r? value 0.98 -

4.4.3 Tube Side Pressure Drop vs the Tube Side Reynolds Number

The design parameters and conditions used within the validation study of Dong (2020) can be

seen in Table 24. The design data, stipulated within the table, was used within the EES calculation

for the validation of the calculation.
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The tube side pressure drop with the corresponding Reynolds numbers, can be validated using
the obtained results with the study: “Experimental research on heat transfer and flow resistance
properties in spiral twisted tube heat exchanger”. The graphical trend calculated can then be used

to validate the accuracy of the EES output.

The obtained results calculated within the study “Experimental research on heat transfer and flow
resistance properties in spiral twisted tube heat exchanger”, along with the overlaying simulated

output, can be seen in Figure 48 below (Dong, et al., 2020).

Tube side pressure drop vs Reynolds number
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Figure 48: Twisted tube, tube side pressure drop vs tube side Reynolds number validation output.

The graph above is simulated only for the following non dimensional variables:
e 14000 < Re < 42000

By means of analysing the above graphical validation output, the following calculated conclusions
can be made.
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Table 26: Twisted tube, tube side pressure drop vs tube side Reynolds number, graphical annalistic output.

Variable Value Unit
Average percentage error 3.96 | %
Maximum percentage error 443 %
Standard deviation 0.34 -

r? value 0.99 -

4.4.4 Shell Side Mass Flow Rate vs the Heat Exchanger Effectiveness

The design parameters and conditions used within the validation study of Lokesh (2017) can be
seen in the table below. The design data, stipulated within the table, was used within the EES

calculation for the validation of the calculation.

Table 27: Design data and parameters for the validation study (Lokesh, et al., 2017).

Validation Study

Variable Water Water Unit
Tube length 450 | mm
Density 998.200 998.200 | kg/m”3
Specific heat capacity 4182.000 4182.000 | J/kg-K
Conductivity 0.600 0.600 | W/im-K
Viscosity 0.001 0.001 | Pa-s
Mass flow rate 0.600 0.200 | g/s
Inlet temperature 330.000 380.000 | °C

The mass flow rate and effectiveness calculated output, can be validated using the study: “Heat
transfer enhancement of double pipe exchanger using twisted tape inserts”. The study compared
normal tubes to twisted tape inserted tubes considering different flow angles, such as parallel flow
and counter flow.

The obtained results calculated within the study “Heat transfer enhancement of double pipe
exchanger using twisted tape inserts”, along with the overlaying simulated output, can be seen in
Figure 49 below (Lokesh, et al., 2017).
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Heat exchanger effectiveness vs shell side mass flow
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Figure 49: Twisted tube, shell side mass flow rate vs heat exchanger effectiveness validation output.

The graph above is simulated only for the following non dimensional variables:

e Re > 4000

By means of analysing the above graphical validation output, the following calculated conclusions

can be made.

Table 28: Twisted tube, shell side mass flow rate vs heat exchanger effectiveness, graphical annalistic output.

Variable Value Unit
Average percentage error 451 %
Maximum percentage error 713 | %
Standard deviation 2.65 | -

r? value 091 -

4.4.5 Tube Side Heat Transfer Coefficient vs Tube Pitch

The design parameters and conditions used within the validation study of Barraza-Colon and

Picon-Nunez (2022) can be seen in the table below. The design data, stipulated within the table,

was used within the EES calculation for the validation of the calculation.
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Table 29: Design data and parameters for the validation study (Barraza-Colon & Picon-Nunez, 2022).

Validation Study

Variable

Tube Length

Shell diameter
Hydraulic tube diameter
Number of Tubes

Tube side pressure drop
Variable

Mass flow rate

Inlet temperature
Viscosity

Density

Conductivity

The tube side heat transfer coefficient with the corresponding tube pitch, can be validated using
the obtained results with the study: “Improved heat recovery using twisted tube exchanger

technology”. The graphical trend calculated can be used to validate the accuracy of the EES

simulated output.

The obtained results compared with Barraza-Colon and Picon-Nunez (2022) can be seen in

Figure 50 below.

Value

9920.00
1390.00
0.01
1601.00
23.44

Sea Water A gas
1.57 1.88
30.00 89.20
- 0.35
1160.00 971.80
0.21 670.00
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mm
mm

mm

kPa

kg/s

°C

cP
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Tube side heat transfer coefficient vs tube pitch
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Figure 50: Twisted tube, tube side heat transfer coefficient vs tube pitch validation output.
The graph above is simulated only for the following non dimensional variables:

e 2000 < Re <6000

By means of analysing the above graphical validation output, the following calculated conclusions
can be made.

Table 30: Twisted tube, tube side heat transfer coefficient vs tube pitch, graphical annalistic output.

Variable Value Unit
Average percentage error 6.85 | %
Maximum percentage error 774 | %
Standard deviation 0.84 -

r? value 0.99 -

4.4.6 Energy Balance

Considering the studies used for the validation of the EES simulation, the following energy
balances were obtained for each validation study used.
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Table 31: Twisted tube, validation study energy balance output.

Study Energy Balance [kW] Difference [%]
“Convective thermal-hydraulic Inlet Energy = 151.6 kW
performance in twisted tubes: From the

. . Outlet Energy = 150 kW 1.05 %
perspective of symmetrical cross-
sectional shapes” Li (2023). Balance = 1.6 kW
“Experimental research on heat transfer Inlet Energy = 20.6 kW
and flow resistance properties in spiral

Outlet Energy = 20.4 kW 0.97 %

twisted tube heat exchanger” Dong

(2020). Balance = 0.2 kW

“Heat transfer enhancement of double Inlet Energy = 18.4 W
pipe exchanger using twisted tape

= o
inserts” Lokesh (2017). Outlet Energy = 18.3 kW 0.54 %

Balance = 0.1 kW

“Improved heat recovery using twisted Inlet Energy = 72.8 kW
tube exchanger technology” Barraza-

= 0,
Colon & Picon-Nunez (2022). Outlet Energy = 72.7 kW 0.14 %

Balance = 0.1 kW

The calculated energy balance indicates minimal to no difference between the inlet of the heat
exchanger model to that measured at the outlet of the heat exchanger. The small difference within
the obtained energy balance could be explained in the sense that some heat energy is absorbed

by the environment during the operation of the heat exchanger.

4.5 Summary

The twisted-tube heat exchanger model was validated by comparing numerical and experimental
data from multiple well-established investigations with EES computed outputs. Heat transfer
coefficients, pressure drop, Reynolds numbers, mass flow rates, and heat exchanger efficiency
were important performance indicators. To ensure the model appropriately captures both fluid
flow and heat transfer phenomena in twisted-tube geometries, each validation scenario

concentrated on a distinct aspect of thermal-hydraulic behaviour.
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Using data from Barraza-Colon and Picon-Nunez (2022), the comparison of the tube side heat
transfer coefficients and Reynolds numbers showed excellent correspondence, with an R2 value
of 0.99 and average errors of 3%. Similar to this, the pressure drop on the shell side and tube
side were verified against Dong (2020), demonstrating once more a high correlation and small
error margins in the turbulent, transitional, and laminar regimes. These results confirm that the
model reliably captures flow resistance characteristics influenced by twisting effects and

secondary flows within the tubes.

Shell side mass flow rate and effectiveness were compared to the dataset of Lokesh (2023) in
order to further assess the heat exchanger performance. The overall trend and accuracy
remained acceptable, with an R? of 0.91, despite the effectiveness predictions showing slightly
higher variability as expected due to geometric differences between twisted tubes and twisted
tape inserts. Additionally, data from Barraza-Colon and Picon-Nunez (2022) was used to validate
the impact of the twist pitch on the tube side heat transfer coefficient, demonstrating that the

model accurately depicts pitch dependent enhancement mechanisms.

Energy balance assessments for all validation cases revealed very small differences between
inlet and outlet energy, ranging from 0.65% to 2.13%. These small discrepancies indicate strong
thermodynamic consistency within the EES model, and suggest that any minor imbalances may
be due to unavoidable environmental heat losses or rounding effects. Overall, the validation
results of the above chapter demonstrate that the EES simulation accurately reproduces

published thermal-hydraulic behaviour of twisted tube heat exchangers.
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CHAPTER 5 PETROCHEMICAL OPERATED SHELL-AND-TUBE
HEAT EXCHANGER SIMULATION OUTPUT & COMPARISON

5.1 Introduction

This chapter is based on comparing the calculated factors that, considering the design of the plain
tube and twisted tube shell and tube heat exchanger, affects the overall efficiency and
performance of the STHE. Within this chapter, the factors will be analysed and compared for the
PTSTHE and the TTSTHE design within the petrochemical industry of South Africa.

By means of a detailed comparison, both heat exchanger designs can be analysed and compared
using the same geometrical outline and operating conditions. Both heat exchanger designs also
provide a financial implication to the petrochemical plant, which will be analysed based on the
steam usage and water supply during the operation of the two different designed heat

exchangers.

The detailed comparison of both the PTSTHE and the TTSTHE can be seen in the following few

sections.

5.2 Petrochemical Operated Plain Tube Shell-and-Tube Heat Exchanger Design

Conditions

The design conditions used for the heat exchanger calculations is obtained from an operational
PTSTHE within Mpumalanga, South Africa. The design conditions specified for the operational
heat exchanger can be seen in the table below. These design conditions were manipulated and
multiplied with a specifically chosen factor in order to still be able to make used of accurate data

for the calculation, but to protect the petrochemical company’s right to privacy.

Table 32: Design conditions of plain tube shell-and-tube heat exchanger.

Variable Shell Side Tube Side Unit
Product Steam Water -
Design Pressure 500 500 | kPa
Design Temperature 200 150  °C
Inlet Temperature 123 80  °C
Outlet Temperature 105 90 °C
Inlet Pressure 306 150 | kPa
Outlet Pressure 305 135 | kPa
Inlet Fluid Velocity 15 55 m/s
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Variable Shell Side Tube Side Unit

Outlet Fluid Velocity 13 20 m/s
Bulk Tube Pressure 138 kPa
Bulk Tube Temperature 88 | °C
Baffle Spacing 300 | mm
Wall Pressure 170 | kPa
Wall Temperature 102.5  °C
Horizontal Tube Spacing (S_1) 24 | mm
Vertical Tube Spacing (S_2) 18  mm
Tube Outside Diameter 19.05 mm
Tube Thickness 1.65 mm
Tube Length 4260 mm
Shell Length 4260  mm
Clearance 495 mm
Pitch 24 | mm
Pump Efficiency 58 %
Corrosion Allowance 0 0 mm
Capacity 0.58 0.69  m3
Number of Passes 1 1 -
Mass (Full/Empty) 4054/2723 | kg

5.3 Twisted Tube Parameter Investigation

In order to select the best suited parameters for the twisted tube design, the industry available
parameters will be evaluated and analysed by means comparing the performance of the different
parameters to each other, whereafter the best performing parameters will be selected and used
for the evaluation of the TTSTHE.

The data used for the parameter investigation, considering the aspect ratio and twist pitch length
of the TTSTHE, was obtained from the study “Improved heat recovery using twisted tube
exchanger technology” (Barraza-Colon & Picon-Nunez, 2022). The used data can be seen in the

table below.
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Table 33: Standard aspect ratios for twisted tube design (Barraza-Colon & Picon-Nunez, 2022).

Item a (mm) b (mm) Aspect Ratios Unit
1 7.0 35.0 0,20 -
2 9.0 33.0 0,27 | -
3 11.0 31.0 0,36 | -
4 13.0 29.0 0,45 | -
6 15.0 27.0 0,56 | -
7 17.0 25.0 0,68 | -
8 19.0 23.0 0,83 | -
9 21.0 21.0 1,00 -

10 23.0 19.0 1,21 -
11 25.0 17.0 1,47 -
13 27.0 15.0 1,80 -
15 29.0 13.0 2,23 | -
16 31.0 11.0 2,82 -
17 33.0 9.0 3,67 | -
18 35.0 7.0 5,00 | -

Table 34: Standard twist pitch length for twisted tube design (Barraza-Colon & Picon-Nunez, 2022).

Item Twist Pitch Length Unit
160 | mm
200 mm
250 mm
300 mm
400 mm

Al A W N =

5.3.1 Aspect ratio

In order to select the best suited aspect ratio for the twisted tube design, the different ratios were
inserted into the EES calculation, and the results of each on the heat transfer coefficient and tube
side pressure drop were analysed. According to specialists working within the twisted tube heat
exchanger design industry, the aspect ratios can be personalized for each application according
to the deliverable requirements of the heat exchanger. Thus, the aspect ratios that were used for

the analysis, were specified considering the tube outside diameter of 19.05 mm used for the plain
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tube heat exchanger analysis. This specification was made to ensure that the same tubes are

used for both applications. The used aspect ratios can be seen in Table 33.
By means of using the available aspect ratios specified within the table above, the following output

was reached when analysing the ratios within the EES calculation.

Tube Side Heat Transfer Coefficient vs Aspect Ratio
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Figure 51: Heat transfer coefficient and pressure drop analysis for a change in aspect ratio
Considering the output within the figure above, it can be seen that the tube side pressure drop
decreases as the aspect ratios increases from 0.2 to 1.21, and furthermore increases as the

aspect ratios increases from 1.21 to 5. It is also clear that the tube side pressure drop decreases

as the aspect ratio increases.
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Analysing the above figure, it is clear that the optimal pressure drop for the TTSTHE would be
found in the aspect ratio ranges of 0.35 to 2.11. Thus, the output was redefined according to the
optimal ranges for the pressure drop experienced by the TTSTHE. The redefined output can be

seen in Figure 52 below.
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Figure 52: Tube side heat transfer coefficient and aspect ratio analysis.

Analysing the above figure, it is clear that as the tube aspect ratio increases, the tube side heat
transfer coefficient decreases; however, the tube side pressure drop expresses a parabolic
reaction to the aspect ratio increase. It is clear that at the specified aspect ratio of 1.21, the

pressure drop of each twist pitch length analysed, is at its lowest.

In order to better understand the effect that a change in the specified aspect ratio has on the
TTSTHE, an additional evaluation was done. It compares the tube side pressure drop of the
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TTSTHE with the tube surface area. This evaluation expresses during which aspect ratio the best

tube surface area is found and what the effect on the tube side pressure drop is.

Tube Surface Area & Pressure Drop vs Aspect Ratio
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Figure 53: Parameter plot to show the design space and opportunity for optimisation of the aspect ratio with a
constant heat duty (Q).

Evaluating the effect of the change in aspect ratios on the tube side heat transfer coefficient and
pressure drop, it can be seen that the specified aspect ratio of 1.21 presented the best tube

surface area and a respectfully low tube side pressure drop within the above figure.

However, in order to better express how the calculated pressure drop within the above figure
affects the TTSTHE, the below table was added to indicate the % pressure drop used when

considering the operational allowable pressure drop of the TTSTHE.

Table 35: Tube side pressure drop % analysis.

Twist Pitch | Design Pressure | Pressure Drop (kPa) | % Design Pressure
Length (m) (kPa) (%)
0.16 15 0.644 4.29
0.20 15 0.516 3.44
0.25 15 0.412 2.75
0.30 15 0.343 2.29
0.40 15 0.258 1.72
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Analysing the above outputs generated by means of the EES calculation, it can be seen that an
aspect ratio of 1.21 will be the best selection for the twisted tube design using the operating
conditions of a petrochemical heat exchanger. This aspect ratio was selected because it provides
the best tube surface area and the best-balanced pressure drop for the TTSTHE. The aspect ratio
of 1.21 also provides a relatively high tube side heat transfer coefficient, which ensures a
balanced TTSTHE.

5.3.2 Twisted tube, twist pitch length

In order to select the best suited twist pitch length for the twisted tube design, the different lengths
were inserted into the EES calculation and the results of each on the tube side heat transfer
coefficient and pressure drop were analysed. The twist pitch lengths that were used for the

analysis can be seen in Table 34 above.

In order to avoid an overload of results but still provide an accurate conclusion, it was chosen to

only analyse five data sets, using the coloured data shown in Table 33 above.

By means of using the available twist pitch lengths and aspect ratios specified within the tables
above, the following outputs were reached when analysing the EES calculation, as can be

deduced from the concluded figure below.
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Tube Side Heat Transfer & Pressure Drop vs Twist Pitch
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Figure 54: Compared analysis comparison considering twist pitch lengths for different aspect ratios.

As seen in Figure 54 above, the tube side heat transfer coefficient decreases as the twist pitch
length increases. It is also clear from the above graph that an increase in the tube’s aspect ratio
provides a decrease in the generated tube side heat transfer coefficient. The above figure also

indicates that as the tube pitch length increases, the tube side pressure drop decreases.

Considering the above graph and the aspect of evaluation — the tube twist pitch length — it is
important to select a twist pitch length that will be best suited for the operation of the heat
exchanger system. Analysing the outputs above, one can argue that a small twist pitch length of

160 mm provides the best heat transfer coefficient and highest pressure drop to occur with the
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TTSTHE. Whereas a larger twist pitch length of 400 mm provides the lowest tube side heat

transfer coefficient and pressure drop to occur within the TTSTHE.
In order to better define Figure 53 above, and present the output reached for the twist pitch length

over the generated tube surface area and pressure drop, the following figure was generated.

Effect on Tube Surface Area & Pressure Drop Due to a
Change in Twist Pitch Length
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Figure 55: Parameter plot to show the design space and opportunity for optimisation of the twist pitch length
with a constant heat duty (Q) due to the change observed regarding the pressure drop and tube surface area.

Within Figure 55 above, it can be seen that during the parameter plot, the tube side pressure drop
decreases as the twist pitch length of the tube increases from 160 mm to 350 mm. It is also clear
that the tube surface area increases as the twist pitch length increases from 160 mm to 300 mm,
but furthermore decreases as the twist pitch length increases from 300 mm to 350 mm. It can
thus be seen that a twist pitch length of 300 mm provides the best balance for the selection
between the generated pressure drop and tube surface area. Thus, a twist pitch length of
300 mm was selected for the TTSTHE.

5.4 Petrochemical Operated Twisted Tube Shell-and-Tube Heat Exchanger Design

Conditions

The design conditions that will be used for the calculation of the TTSTHE design will be the same
as specified for the PTSTHE. The design conditions for the twisted tube heat exchanger can thus
be seen in Table 32. The use of the data within this table allows for an accurate comparison
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between the plain tube and twisted tube heat exchanger designs with the same specified

conditions.

The outlet temperature for the twisted tube heat exchanger was calculated based on the
conclusions in Samruaisin (2019), where it was realised that the twisted tube design presents a

59.4% increase in presented heat transfer results in comparison to plain smooth tubes.

The TTSTHE design also presents fixed geometry parameters that should be known and

accounted for during the analysis. The parameters can be seen in the table below.

Table 36: Twisted tube conditions and geometry constraints.

Variable Shell Side Tube Side Unit
Outlet Temperature 90.0 | °C
Tube Length (L) - 4260.0 | mm
Twist Pitch Length (P) - 300.0 | mm
Vertical Tube Outside Diameter (B) - 22.3 ' mm
Vertical Tube Inside Diameter (b) - 19 | mm
Horizontal Tube Outside Diameter (A) | - 26.3  mm
Horizontal Tube Inside Diameter (a) - 23 ' mm
Aspect Ratio - 1.21 | -

5.41 Specific Comparison

In order to compare the specific outcomes for each heat exchanger design under the specified
petrochemically operated conditions, the following table was constructed. The table below
presents a detailed comparison between the PTSTHE and TTSTHE designs for the operating

conditions of the petrochemical plant obtained within Mpumalanga, South Africa.

Table 37: Petrochemical plant operation comparison between PT & TT, STHE.

Variable PTSTHE TTSTHE Units
Tube side fluid Water Water -

Shell side fluid Steam Steam -

Tube side heat transfer coefficient 342.50 539.40 W/m?K
Tube side mass flow rate 572.70 440.90  kg/s
Shell side mass flow rate 320.70 284.50  kg/s
Tube side pressure drop 115.3 332.6 Pa
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Variable PTSTHE TTSTHE Units

Shell side pressure drop 814.2 1087.1  Pa
% Tube side pressure drop of 0.76 222 %
allowable pressure drop

% Shell side pressure drop of 543 725 | %
allowable pressure drop

Tube side heat duty 24050.0 24050.0 | kW
Shell side heat duty 24050.0 24050.0 | kW

Considering the above table, the outputs for the specific heat exchanger design with the specified
operating conditions as obtained from the petrochemical industry within Mpumalanga, South
Africa, were analysed and compared for both the PTSTHE and the TTSTHE designs.

Analysed, it can be seen that the TTSTHE presented a much higher heat transfer coefficient
comparing to the output reached for that of the PTSTHE. It is however also clear that the twisted
tube design generated a higher-pressure drop than that of the plain tube design for the specific
design conditions of the operational STHE located within Mpumalanga, South Africa. However,
the pressure drop difference between the PTSTHE and TTSTHE is low, only a 1.82% difference
between the two STHE designs. As a result of the constant heat duty produced, it can also be
seen that the TTSTHE used much lower shell and tube side mass flow rates to achieve the desired
heat duty for the designed heat exchanger than the PTSTHE.

5.5 General Comparison

This section will consist of the comparison between the obtained EES calculations for the plain
tube and TTSTHE’s. The results will be compared and explained in terms of the heat exchanger
performance with the specified South African petrochemical industry’s tube conditions and

geometry constraints.
The aspects and outputs that will be compared within this chapter entails:

e Tube side heat transfer coefficient vs the tube side fluid Reynolds number.
e Shell side pressure drop vs the shell side Reynolds number.
e Tube side pressure drop vs the tube side Reynolds number.

e Shell side mass flow rate vs the heat exchanger effectiveness.
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5.5.1 Tube side heat transfer coefficient vs the tube side fluid Reynolds number.

Tube side heat transfer coefficient vs Reynolds number
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Figure 56: Plain tube vs twisted tube heat transfer coefficient over Reynolds number comparison.

When analysing the obtained output from the plain tube heat exchanger in comparison to that of
the twisted tube heat exchanger, it can be seen that both heat exchangers present an increase

in the physical calculated heat transfer coefficient as the fluid Reynolds number increases.

Comparing the physical heat transfer generated between the plain tube and the twisted tube, the

following conclusion was reached.

Table 38: Plain tube vs twisted tube heat transfer coefficient over fluid Reynolds number output comparison.

Reynolds Number | Heat Transfer Coefficient (W/m#2-K)

PTSTHE 4000 620
TTSTHE 4000 795
PTSTHE 11000 900
TTSTHE 11000 1750
Change of TTSTHE 4000-11000 955
Change of PTSTHE 4000-11000 280

From the calculated output, it is clear that the twisted tube heat exchanger design presented
better physical heat transfer during operation than the plain tube heat exchanger. An increase in

the produced Reynolds number generates a larger change in the physical heat transfer coefficient
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generated, when comparing the output reached by means of the twisted tube heat exchanger

design to that of the plain tube heat exchanger design.

It can be seen from the graphic comparison between the plain tube and TTSTHE, that the twisted
tube heat exchanger exerted 175 W/m?-K more than the plain tube heat exchanger at a Reynolds
number of 4000. Also, the twisted tube presented 850 W/m”2-K more than the plain tube heat

exchanger at a Reynolds number of 11000.

Additionally, the change in heat transfer coefficient produced by the PTSTHE for the tube side
Reynolds number range of 4000-11000 can be calculated as 280 W/m”2-K. The change in heat
transfer coefficient produced by the TTSTHE for the tube side Reynolds number range of 4000-
11000 can be calculated as 955 W/m”2-K. Thus, the twisted tube exerted 675 W/m"2-K more
than the PTSTHE for the change in Reynolds numbers 4000-11000.

Overall, it is a clear conclusion that when considering the tube side fluid Reynolds number and
the heat transfer coefficient generated in accordance therewith, considering both heat exchanger
designs, the twisted tube heat exchanger design presented a much better heat transfer coefficient
than the PTSTHE.

5.5.2 Shell side pressure drop vs the shell side Reynolds number.

Shell side pressure drop vs Reynolds number
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Figure 57: Plain tube vs twisted tube; shell side pressure drop over Reynolds number comparison.

When considering the obtained output from the plain tube heat exchanger in comparison to that
of the twisted tube heat exchanger, both heat exchangers present an increase in the measured

shell side pressure drop as the fluid Reynolds number increases.
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Comparing the pressure drop measured between the plain tube and the twisted tube, the following

conclusion was reached.

Table 39: Plain tube vs twisted tube; shell side pressure drop over fluid Reynolds number output comparison.

Reynolds Number | Shell Side Pressure Drop (Pa)

PTSTHE 4000 740
TTSTHE 4000 810
PTSTHE 14000 1150
TTSTHE 14000 1900
Change of PTSTHE 4000-14000 410
Change of TTSTHE 4000-14000 1090

Comparing the obtained results between the PTSTHE and that of the TTSTHE, it can be seen
that the twisted tube heat exchanger experiences more pressure drop on the shell side to occur

than that of the plain tube heat exchanger.

Considering the change in pressure drop between the two heat exchanger designs, it is clear that
the plain tube heat exchanger experienced a 410 Pa increase in shell side pressure drop from a
Reynolds number of 4000-14000. Analysing the change in shell side pressure drop for the twisted
tube heat exchanger design, the twisted tube heat exchanger experienced a 1090 Pa increase in

pressure drop from a Reynolds number of 4000-14000.

Evidently, the pressure drop experienced by the two heat exchanger designs differ with 70 Pa at
a Reynolds number of 4000, and with 750 Pa at a Reynolds number of 14000. The reasoning
behind the increased twisted tube shell side pressure drop over the normal shell side pressure
drop of the plain tube heat exchanger, could be explained in the sense of increased fluid friction
generated. This increased friction is caused by the induced turbulence created by the swirl-like
flow from the twisted geometry of the tubes. As the Reynolds number increases, the turbulence
generated on the shell side of the heat exchanger also linearly increases, causing an increase in

friction and turbulence, overall increasing the generated pressure drop.

Therefore, it can be concluded that the TTSTHE design experiences a higher change in shell side
pressure drop than that of the PTSTHE, as the Reynolds number of the shell side fluid increases.
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5.5.3 Tube side pressure drop vs the tube side Reynolds number.

Tube side pressure drop vs Reynolds number
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Figure 58: Plain tube vs twisted tube; tube side pressure drop over Reynolds number comparison.

When analysing the obtained output from the plain tube heat exchanger in comparison to that of
the twisted tube heat exchanger, it can be seen that both heat exchangers present an increase

in the measured tube side pressure drop as the fluid Reynolds number increases.

Comparing the tube side pressure drop measured between the plain tube and the twisted tube,

the following conclusion was reached.

Table 40: Plain tube vs twisted tube; tube side pressure drop over fluid Reynolds number output comparison.

Reynolds Number | Tube Side Pressure Drop (Pa)

PTSTHE 4000 60
TTSTHE 4000 320
PTSTHE 15000 360
TTSTHE 15000 400
Change of PTSTHE 4000-15000 300
Change of TTSTHE 4000-15000 80

Comparing the obtained results between the PTSTHE and that of the TTSTHE, it can be seen
that the twisted tube heat exchanger experiences more pressure drop on the tube side to occur

than that of the plain tube heat exchanger. Thus, analysing the graphed EES outputs for both
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heat exchangers, it can be concluded that the twisted tube experiences more tube side pressure

drop than the plain tube heat exchanger with the same design conditions specified.

Considering the change in pressure drop between the two heat exchanger designs, the twisted
tube heat exchanger experienced an 80 Pa increase in tube side pressure drop from a Reynolds
number of 4000 to 15000. Analysing the change in tube side pressure drop for the plain tube heat
exchanger design, it is clear that the plain tube heat exchanger experienced a 300 Pa increase

in pressure drop from a Reynolds number of 4000 to 15000.

The pressure drop experienced by the two heat exchanger designs differ with 260 Pa at a
Reynolds number of 4000, and with 40 Pa at a Reynolds number of 15000.

Overall, it can be concluded that the TTSTHE design experiences a higher tube side pressure

drop than that of the PTSTHE, as the Reynolds number of the tube side fluid increases.

5.5.4 Shell side mass flow rate vs the heat exchanger effectiveness.

Heat exchanger effectiveness vs mass flow rate
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Figure 59: Plain tube vs twisted tube, heat exchanger effectiveness over shell side mass flow rate comparison.

Analysing the obtained output from the plain tube and twisted tube heat exchanger, it can be seen
that both heat exchangers’ effectiveness decrease as the shell side mass flow rate increases. It
is however clear that the effectiveness of the twisted tube heat exchanger is more than that of the
plain tube heat exchanger under the same petrochemically operated design conditions, even if
both heat exchanger designs experience an exponential decrease in effectiveness as the shell

side mass flow rate increases.
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Explaining the above figure, both heat exchangers experience a decrease in effectiveness as the
shell side mass flow rate increases. As indicated in Figure 57, the pressure drop increases as the
Reynolds number increases due to an increase in fluid turbulence. Thus, as the mass flow rate
of the shell side fluid increases, the Reynolds number increases, causing an increase in shell side
pressure drop. This occurrence results in more energy consumption for all process equipment

involved, causing a decrease in process efficiency.

Comparing the heat exchanger effectiveness measured between the plain tube and the

TTSTHE's, the following conclusion was reached.

Table 41: Plain tube vs twisted tube, shell side mass flow rate over the heat exchanger effectiveness output
comparison.

Mass Flow Rate (kg/s) Heat Exchanger Effectiveness (%)

PTSTHE 10 72
TTSTHE 10 82
PTSTHE 90 61
TTSTHE 90 64
Change of PTSTHE 10-90 11
Change of TTSTHE 10-90 18

From the calculated output, it can be seen that the effectiveness of both heat exchangers
decreases as the mass flow rate increases. However, at a mass flow rate of 10 kg/s, both heat

exchangers present to be the best effective for their design.

Analysing the graph shows that the twisted tube heat exchanger design presents better
effectiveness than the plain tube heat exchanger. This appearance can be explained in the sense
that the relationship between the amount of pressure drop experienced and the heat transfer

coefficient generated by each heat exchanger, influence their effectiveness.

Overall, it is a clear conclusion that when considering the shell side mass flow rate and the heat
exchanger effectiveness measured, the effectiveness decreases as the mass flow rate increases
for both STHE designs.

5.6 Output Comparison
5.6.1 Tube Length Comparison

In order to fully calculate and compare the difference in tube length needed for both the plain- and

twisted tube geometrical setups, the following formula was used (Mills, 1999).
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Qtube 73

Utube : :;Dtube : ATtube

Liype =

Where:

®  Q:upe = The tube side rate of heat transfer (W)

e  Uppe = The overall tube side heat transfer rate (W/m2-K)
o  Pu.pe = The tube perimeter (m)

o ATiupe = The LMTD tube side temperature difference (K)

The outputs reached by means of the above equation can be seen in the table below, as well as

within the attached annexures.

Table 42: Plain tube heat transfer rate versus tube length.

Heat Transfer Rate (kW) Tube Length (m)

Qiube 24050 | Liype (Given) 4.26

Qtube 24050 | Liype check (Calculated) 4.14
Laifference 0.12

Table 43: Twisted tube heat transfer rate versus tube length.

Heat Transfer Rate (kW) Tube Length (m)

Qtube 24050 | Liype (Given) 4.26

Qiube 24050 | Liype check (Calculated) 3.98
Laiference 0.28

By means of analysing the above tables, the following conclusion can be made.

Table 44: Twisted tube and plain tube length evaluation on heat duty generated

Heat Transfer Rate (kW) Tube Length (m)

Qiube 24050 | Liype check (Plain Calculated) 4.14

Qtube 24050 | Liype check (Twisted Calculated) 3.98
Laifference 0.16

Analysing the above table, it can be stated that a much shorter twisted tube heat exchanger is
needed in order to generate the same heat duty than the plain tube heat exchanger. In this sense
we can state that the TTSTHE is more economically efficient and practical for smaller space
limitations.
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5.6.2 Enthalpy, Heat Transfer, and Mass Flow Comparison

Comparing the generated Enthalpy (H) over the rate of heat transfer (Q), in comparison with the
mass flow rate (m), using the same length of tubes for both the plain and the twisted tube design,

the following formula was used (Mills, 1999).

Where:

e (Q = The rate of heat transfer (kW)
e m = The mass flow rate (kg/s)

e AH = The generated enthalpy (kJ/kg)

By means of using the above formula, the following conclusion can be made.

Table 45: H, Q & m comparison between twisted and plain tube designs

Enthalpy (kJ/kg) Heat Transfer (kW) Mass Flow (kg/s)
Shell Side (Plain Tube)
Inlet 516.60 24050 320.70
Outlet 441.60 24050 320.70
Shell Side (Twisted Tube)
Inlet 516.60 24050 284.50
Outlet 432.10 24050 284.50

Analysing the above table, it can be stated that a much slower mass flow rate is needed for the
twisted tube heat exchanger in order to generate the same heat duty than the plain tube heat
exchanger. In this sense we can state that the TTSTHE is more economically efficient and

practical.
5.6.3 Temperature and Mass Flow Comparison

In order to examine the effect of the tube side mass flow rate on the tube side outlet temperature,
an additional calculation was done within EES. Within this analysis, a 6°C deviation was
considered from the fixed design parameters for the produced outlet temperature of the tube side

fluid. The output calculated can be seen in the figure below.
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Figure 60: Tube side mass flow rate vs. tube side outlet temperature

Analysing the above figure, it is clear that both heat exchangers present an increase in tube side
outlet temperature as the tube side mass flow rate increases. However, the twisted tube heat
exchanger generates a higher tube side outlet temperature than the plain tube heat exchanger

when having the same tube side mass flow rate.

This occurrence can be explained when considering the geometrical outline of the twisted tube
heat exchanger. The twisted tube geometry causes the tube side fluid to flow in a swirl-like
manner, which causes better mixing of the tube side fluid. The swirl-like flow within the tubes
causes the outside fluid on the tube wall of the heat exchanger to flow faster than the inner fluid
near the centre of the tube. This occurrence causes the second fluid boundary layer to break,

leading to an increase in energy release, which causes a higher tube side outlet temperature.
5.6.4 Pressure Drop Comparison

In order to evaluate the effect of the pressure drop calculated for the TTSTHE and PTSTHE, the
following table was generated to indicate the allowable pressure over the measured pressure
drop for both heat exchanger designs considering the petrochemical operated heat exchanger
design conditions.
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Tube/Shell Side | PTSTHE/TTSTHE | Allowable Calculated % Pressure of

Pressure Drop | Pressure Drop | Allowable

(kPa) (kPa) Pressure (%)
Tube Side PTSTHE 15 0.104 0.69
TTSTHE 0.343 2.29
Shell Side PTSTHE 15 0.673 4.49
TTSTHE 1.356 9.04

Analysing the above table, the pressure drop experienced by the PTSTHE and TTSTHE based
on the petrochemical operated heat exchanger’'s design conditions, are low. However, the
pressure drop calculated for the TTSTHE is higher than the pressure drop calculated for the
PTSTHE. The maximum pressure drop experienced is 1.356 kPa, which is measured and
calculated on the shell side of the TTSTHE, which only conducts 9.04% of the allowable pressure

for the designed heat exchanger.

Thus, it can be stated that the pressure drop experienced by both heat exchangers are very low

and will have little to no effect on the operating conditions of the designed heat exchanger.
5.7 Financial Comparison

In order to fully understand whether the TTSTHE is viable for installation considering the financial
implications, a considerable cost comparison was done between the plain and twisted tube heat
exchanger designs using South African prices and quotations. However, since no information was
obtainable for the manufacturing cost of the TTSTHE, the manufacturing cost was calculated
based on the findings in the study “Improved heat recovery using twisted tube exchanger
technology” (Barraza-Colon & Picon-Nunez, 2022). The study concluded that the manufacturing
of twisted tube heat exchangers is roughly 40% more expensive than that of the plain tube heat
exchanger. The manufacturing cost for the plain tube heat exchanger, specified below, was
directly obtained from a requested quotation. The quotation was provided by one of the most

constantly used manufactures for the petrochemical plant.

The costing information that was used for the analysis can be seen in the table below. The
information shown in the table below was directly obtained from an operational petrochemical
plant within Mpumalanga, South Africa. This costing information were manipulated and multiplied
with the same specifically chosen factor as mentioned within the design conditions (section 5.1),
in order to still be able to make used of accurate data for the calculation, but to protect the

petrochemical company’s right to privacy. The production costs provided by the petrochemical
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plant as used within the tables below, were calculated by engineers of the petrochemical plant,

with the values including the maintenance of the equipment.

Within the costing analysis of both heat exchangers, the outlet temperatures of the tube side and
the shell side of the heat exchanger were considered constant, as the heat duty needed for the
petrochemical plant remained constant. Thus, a lower mass flow rate was calculated for the shell
side of the twisted tube heat exchanger due to its ability to generate more heat transfer than the
plain tube heat exchanger. A retrofitting cost was also considered for the transformation form a
PTSTHE to a TTSTHE, considering a retrofitting will be done within two weeks. The financial

effects can be seen in the table below.

Table 46: Costing variables for viability determination

PTSTHE
3712 961.00
129 949 779.50

TTSTHE
5198 145.40
129 949 779.50

Variables Unit

Manufacturing Cost R
Retrofitting Cost for Two R
Weeks of Shutdown

Steam Production Cost R/ton 303.90 303.90
Steam Mass Flow Rate kg/s 320.70 284.50

ton/h 1272.64 1272.64
Operating Time h/year 8030.00 8030.00
Yearly Steam Usage ton/year 10 219 299.20 9 065 709.40
Yearly Operational Cost R/year 3 105 645 026.88 2 755 069 086.66
Total Cost Rlyear 3 235 594 806.00 2 885018 866.00

Although the calculated steam usage in the above table is high, it should be noted that the
petrochemical plant operation is an enclosed process. Thus, the steam that is used by the
specified heat exchanger is also used for other equipment and processes throughout the plant. It
should thus not be seen as only the specified heat exchangers steam usage, but the steam usage

for a whole process.

By means of the information specified above and considering that the heat exchangers operate

24 hours every day, with only a month of shutdown during a year, the following can be calculated.

- Steam production
- Operational cost
- Yearly steam usage value

- Return on investment time
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In order to clearly evaluate the two heat exchangers considering the above factors, the below

table was used to specify the comparison.

Table 47: Costing variables based on ROI.

Variables Unit PTSTHE & TTSTHE

Water Production Cost R/ton 376.77

Water Mass Flow Rate kg/s 572.70
ton/h 2272.66

Operating Time h/year 8030.00

Yearly Water Production ton/year 18 249 459.80

Yearly Income Value Rlyear 6 875 848 969.00

By means of the information analysed within the above two tables, the following can be calculated

and illustrated.

Table 48: ROI of twisted tube heat exchanger.

Variables Unit PTSTHE TTSTHE

Yearly Benefit Value R/year 3 640 254 163.00 3990 830 103.00
Yearly Benefit Difference Rlyear 0 350 575 939.00
ROI hours 8.9 11.4

STHE financial comparison

Rand Valu x 1079 (R)
O P N W M U1 OO N

2025
Year (yr)

H PTSTHE Income H TTSTHE Income id PTSTHE Operational Cost i TTSTHE Operational Cost

Figure 61: STHE financial comparison.
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Financial STHE Profit Over 5 Years
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Figure 62: Financial STHE profit results over 5 years.

As seen and specified within the above table and figure, it is thus a valued decision to rather
install the TTSTHE. The twisted tube heat exchanger provides a considerable higher amount of

benefit in comparison to the plain tube heat exchanger over an annual period.
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CHAPTER 6 CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

During the completion of this study, it was insightful to learn all the unseen positives and negatives
from both heat exchanger designs. More so the depth in which one can analyse a STHE. Since
the petrochemical industry is a constantly operating environment, it was absorbingly interesting
to evolve my understanding of heat transfer and the operating performances and capabilities
regarding STHE. Completing this study ensured a better understanding of STHE'’s, and generated

a wider knowledge of consideration regarding the STHE design.

The inputs and geometrical constraints used within the heat exchanger designs were obtained
from a petrochemical STHE, operating within Mpumalanga, South Africa. The designs for both
heat exchangers remained constant during the study. Only the tube designs between the heat
exchanger designs changed, by making use of plain tubes and twisted tubes during the analysis.

Analysing the study and the obtained outputs, the following conclusions can be made.

When considering the tube side heat transfer coefficient, and how an increase in the tube side
fluid Reynolds number affects the calculated heat transfer coefficient, it can be seen that as the
tube side fluid Reynolds number increases, the TTSTHE presents to be more beneficial than the
PTSTHE for the Reynolds number range of 4000 — 11000. The TTSTHE presented an average
of 58% increase in the produced heat transfer coefficient when comparing to the output reached
for the PTSTHE. It can thus be concluded for the selected heat exchanger designs, that the plain
tubes provided less heat transfer to occur than the twisted tubes within the STHE'’s, as the tube

side fluid Reynolds number increases.

Analysing the obtained output reached within EES, considering the shell side pressure drop and
the effect that the shell side fluid Reynolds number has thereon, it can be seen that the plain tube
shell and tube heat exchanger expresses much lower pressure drop to occur during the change
in shell side fluid Reynolds number than the TTSTHE. The PTSTHE presented an average
pressure drop of 45% lower when comparing to the pressure drop determined for the TTSTHE. It
can thus be concluded that for the specified heat exchanger designs, the plain smooth tubes
provided less shell side pressure drop than the twisted tubes as the shell side fluid Reynolds

number increases from 4000 — 14000.

Comparing the obtained output reached within EES for the tube side pressure drop and the effect

that the tube side fluid Reynolds number has thereon, it can be seen that the TTSTHE
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experienced diminutive more pressure drop to occur than the PTSTHE, as the tube side fluid
Reynolds number increases from 4000 — 15000. However, it is also clear that as the Reynolds
number increases from 4000 — 15000, the pressure drop difference between the TTSTHE and
PTSTHE decreases. It can thus be concluded that the plain tubes prove to be a better selection
within the specified heat exchanger design for a Reynolds number range of 4000 — 15000, when
considering the pressure drop calculated on the tube side of the heat exchanger as the tube side

fluid Reynolds number increases.

When analysing the effectiveness of the two tube type STHE's, it is important to remember that
the calculated heat exchanger efficiency is a percentage relation of the heat exchanger's
performance for the selected design. Considering the simulated comparison output for both heat
exchanger designs, it can be seen that both heat exchangers experienced an exponential
decrease regarding their effectiveness as the shell side mass flow rate increases. Analysing the
output reached, it can be concluded that on average the TTSTHE presented to be 10% more
effective than the PTSTHE. Taking into account this study’s obtained output, it can also be
concluded that, for the specified heat exchanger geometrical design and constraints, both heat
exchangers presented to be at their best efficiency with the mass flow rate of 10 kg/s. However,
both heat exchangers presented a stagnating result towards their produced efficiency as the shell
side mass flow rate increases. The effectiveness difference between the PTSTHE and the
TTSTHE can be explained when considering the nature of the fluid flow occurring within the
STHE. As the mass flow rate increases, the mixing and turbulence of the shell side fluid increase.
Simultaneously, increasing the tube side flow causes the centrifugal forces within the tubes to
increase, causing better mixing between the hotter fluid on the tube wall and the colder fluid in
the centre of the tube. The increased flow rate causes the thermal boundary layer along the tube
wall to break more effectively, generating a better release of energy and absorption, overall
leading to a more effective STHE. Thus, it can be concluded that as the shell side mass flow rate
increases, the twisted tube heat exchanger design presents the best efficiency when comparing
to the output calculated for the PTSTHE.

Analysing the cost of both heat exchanger designs, it can be seen that the TTSTHE is roughly
R1.48 million more expensive that the PTSTHE. This results in a 40% increase in the heat
exchanger purchase when comparing to the PTSTHE’s manufacturing cost. This occurrence can
be explained when considering the specialities needed to manufacture both tube bundle designs.
However, it can also be seen that the twisted tube design is roughly R350 million more profitable
when comparing to the PTSTHE over a yearly operating period. This results in a 10% increase in
the provided profit when comparing to the profit provided by the PTSTHE. This change in value

is due to the increased heat transfer generated and the reduced maintenance on the TTSTHE
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due to the its self-reinforcing design. However, a higher pressure drop on the tube and shell side
of the TTSTHE can require an upgrade on other equipment involved, such as pumps ex, within
the process when considering a retrofitting of an installed PTSTHE. These costs should also be
taken into account. Since this is completely dependent on the operating process and equipment
of the plant, this calculation will differ for all plants. This variation has not been taken into account
for the calculation presented within this thesis, but should be measured when considering the
change from PTSTHE to TTSTHE.

It can overall be concluded that both heat exchanger designs provide calculated positives and
negatives. The twisted tube design generated the best effectiveness for the specified
petrochemical conditions and design. The plain tube design generated the lowest tube side and
shell side pressure drop due to the change in fluid turbulence. The twisted tube design provided
the best heat transfer coefficient as the tube side fluid’s Reynolds number increases. The twisted
tube bundle design provided a significant financial benefit over the plain tube bundle design for a
yearly period. Overall, due to the efficiencies calculated, which is an accurate measure of each
heat exchanger’s performance for the selected design, the TTSTHE deemed to outperform the
PTSTHE.

6.2 Recommendations

This thesis has been investigating and comparing twisted tubes and plain tubes within STHE’s.

This study focused on the following few important aspects.

e Comparing the output calculated for a plain tube and a TTSTHE, using operating and
design data from a petrochemical plant within Mpumalanga, South Africa.

e Using one specific selected operating STHE design from a petrochemical plant within
Mpumalanga, South Africa, for the analysis.

e Presenting reliable information calculated from the output reached by analysing the two
different STHE designs.

e Comparing the two different heat exchanger efficiencies with the specified operating
conditions and geometry retrieved from a petrochemical plant within Mpumalanga, South

Africa.

Considering the aspects used within this thesis, other possible areas of development and
improvement were identified as the thesis was analysed and compiled. In this case it would have
been interesting to analyse the effect that the tube twist pitch length will have on the heat transfer
coefficient of the twisted tubes, when it is altered. Ultimately, a change in twist pitch length could

cause higher turbulence and an increase in second boundary flow velocity, which could force the
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fluid to break the second boundary layer within itself, relieving more energy and causing an impact

on the heat transfer coefficient generated.

Another factor that would have been interesting to analyse in depth would have been to
investigate the effect that different fluid types would have on the efficiency and heat transfer
coefficient of the twisted tubes. Due to the difference in viscosity and density of the different fluids,
it is recommended that one analyses how higher viscose fluids would impact the twisted tube’s

performance within STHE’s.

It would also have been interesting to analyse the twisted tube length and the effect thereof on
the cost of the heat exchanger. By means of the twisted tube configuration generating a higher
heat transfer coefficient, a smaller heat exchanger could be used for the same heat duty to be

produced, thus reducing the size and cost of the heat exchanger.

Another considering factor would be to investigate the effect that different materials for the twisted
tube design would have on the heat transfer performance of the TTSTHE. Different materials
present different material properties, which will either benefit or handicap the heat transfer output

measured in terms of the generated heat transfer coefficient.

This thesis is only focused on the petrochemical industry in Mpumalanga, South Africa. It would
have also been desirable to investigate the performance that this technology would have on other
industries over the world. For example, analysing the performance of the twisted tube heat

exchanger within the automotive industry, could also provide significant benefits.
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Tube side heat transfer coefficient vs Reynolds number

Tube side heat transfer coefficient vs Reynolds
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m (kg/s) P_shell (Pa)
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0,00794 38,11 62,346816 6009 41,09 6975,59 6000 99,69 62750,3
0,01248 94,23 0 7010 53,81 25249,2 7000 131,6]| 161926
0,01773 190,2 99,422737 8011 67,97 34321,6 8000 167,4| 244302
0,02392 346,4] 9012 83,52 20,21 9000 207,1 48,04
0,03077 572, 0 10014 100,4| 41,09 10000 250,5 122,5
7,561 11015 118,7] 83,52 11000 297,5 280,7
10,19 12016 138,2 158,9 12000 348,2 402,4
12,5 13017 158,9 13000 402,41
Experimental Results | CFD Results [Reshett)_Pshett(pa) | Re_tube () P_tube (Pa)
m(kg/s) P_shell(Pa) |m (kg/s) P_shell(Pa) | 14,627565 4014,2 3,8246 3989,1 3,0693 4030,8 20,753
0,00392 15,528 0,00392 15,528| 35,196929 5997,2 5,9327| 7004,4 10,792 6991,2 62,627
0,00599 22,981] 0,00599 22,981| 63,67242 8002,8 7,9795| 9984,7 21,485 9986,8 122,13
0,00794 43,478] 0,00794 43,478| 100,12004 10008 10,006 13000 28,317 12968,2 179,43
0,01248 91,925| 0,01248 103,11 zm,sisss— _ Re_tube (-) P_tube (Pa)
0,01773 185,09 0,01773 200 4002,8 5,0731 3971,7 6,6337 3995,6 25,161
0,02392 330,43| 0,02386 354,66 5985,8 7,6725| 7021,8 22,079 6991,2 82,461
0,03077 539,13] 0,03071 572,67 | 8014,2 10,088 10020 46,733 10040 167,31
R*2 9985,8 12,175 13017 82,673 12965 287,42
241, 118784 [Reubeho wheWimrzK | [Reshell) P shell(Pa) | Re_tube () _P_tube (Pa)
528,126361 4014,2 5,2573| 4006,5 8,4158 4013,2 31,773
1890,33648 6019,8 7,8772| 6986,9 28,317 6973,6 95,685
8450,20563 8002,8 10,374 10002 60,693 9986,8 197,06
34258,3081 9997,2 12,605 13000 106,73 12965 332,6
e — R e T T
290661,157 4002,8 5,6257| 3989,1 9,3069 4013,2 43,894| 1926,68
Sum 445213,237 493263 6008,5 8,1637| 7004,4 30,99 7008,8 137,56| 18922,8
8002,8 10,456 10020 64,851 9969,2 265,38| 70426,5
9997,2 12,605 13017 117,43 12968,2 392,1| 153742
e e I ey v I e IR
4002,8 5,8304 4006,5 15,545 241,647 3995,6 58,219
5997,2 8,7368| 6989,9 46,408| 2153,52 6973,6 178,33
8002,8 11,193 9984,7 96,931| 9395,62 9986,8 338,11
9985,8 13,056 13017 147,43] 21735,6 12982 567,31
33526,4
Shell side pressure drop vs mass flow rate Tube side heat transfer coefficient vs Reynolds
700 number
600 _n
S a0 I
8
3 0 e
0 30
0 0005 001 0015 002 0025 003 0035 | & 300 4000 5000 6000 7000 800 900 10000 11000
Mass Flow n Shel (kg/s H Tube Side Reynolds Number ()
—e—Simuiation  —e— Experimental —e—Simulation  —e— Experimental
[shellside pressure drop v shellide Reynolds number |
Shell side pressure drop vs Reynolds number Tube side pressure drop vs Reynolds number
180 50
o n _ a0 &
Fuo € a0 &
3 0 & an é
2 100 £ 250 o]
g £ 20 &
$ e 8 150 -
fo e
20 " s 7
0 0
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 2000 10000 12000 14000

ShellSide Reynolds Number (-)

—e— Experimental Simulation

Tube Side Reynolds Number (-

—e— Experimental Simulation

Average Percentage Error [ AVefgas percentage Erfor  AVEIag@PeICENtAEOEROMIN
LPH-kg/s = 1LPH = 0,01 0,590322581 2,904290429 5,129473858
m (kg/s) eff (%) 1,408554185 2,666923961 3,614069055
15 7051| 0,7051| 4971,66 0,244614242 1,057497467 3,455179283
2333 5359 05359 2871,89 0,268664564 5,481762598 7,218376337
30 4381 04381 191932 0,461027714
40 3384 03384 114515 0,589457148
45 3029 03029| 917,484
5667 24,27 02427| 589,033 0,593773405 3,002618614 4,854274633
60 22,96| 0,2296| 12414,5 Maximum Percentage Eror
75 1846| o01846] 7051 1,408554185 5,481762598 7,218376337
81,67  1698| 0,1698| 53,59 [Standard Deviation
90 1543| 01543] 4381 4,393961538 #DIV/O! 3,298653134
33,84 0,905803787 #DIV/O! 3,758979649
30,29 3,795749201 #DIV/O! 9,483009042
24,7 1,629881131 #DIV/O! 8,11051478
m(ke/s) eff(%) |eff(%) [R°2 3613315652
15,161 075505  79,5] 632025
30,257 0,50459| 50,459| 2546,11
44,711 0,36422| 36,422| 1326,56 0,426410027 #DIV/0! 1,747406569
60,289 0,26239| 26,239| 688,485 [RA2Value
74,904 02211|  22,11| 488,852 0,999891156 0,932463328 0,96957219
90 0,18807| 18,807| 353,703
m(kg/s) eff(%) |eff(%) 11724 g Average Pe ge El
15,161 0,70275| 70,275 7191923397 0,333286059
30,09 0,44679| 44,679 6,129086525 1,983565396
44,711 0,32018| 32,018 5,607054036 5,384160757
60,128 0,25138| 25,138 2,626880898 3,452939772
75,064 0,19908| 19,908 4,100304981
5,388736214 3,050851393
Maximum Percentage Error | Maximum Percentage Error
7,191923397 5,384160757
Standard Deviation Standard Deviation
2,931664715 0,166170094
26,7781338 0,614475793
41,21018321 1,221880518
7,283199846 1,540078569
2,070408655
1,609375034
1,955770101 1,951385484
R*2Value RA2Value
0,994873935 0,978134224

Shell side mass flow rate vs heat exchanger efficiency

Heat exchnager efficiency vs shell side mass flow rate

Efficiency (%)

—e— Experimental  —e-

Mass Flow Rate (LPH)

Simulation
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Water

K)

Heat transfer coefficient (W/m*2

Pressure drop (Pa)

Oil

180

160

140

120

8

T . . R

Validation EES
X y X Y
1981.1 11135 2000 1063
2969.5  1291.9 3000 1250
3965.1 1437.8 4000 1403
49317  1543.2 5000 1534
5920.1 1624.3 6000 1650
6517 22311
801.36  252.83
949.66  272.64
1099.3  295.75
1249 31557
1398.6  332.08
1548.3  348.58

Tube Side Pressure Drop vs the Tube Side Reynolds Number

Validation EES

X y X Y
14525  4.5208 14525 4.148
17494  6.5974 17494 6.049
20226  8.8339 20226 8.119
23373 11.949 23373 10.89
26045  14.585 26045 13.56
28777  18.019 28777 16.6
31508  21.454 31508 19.95
34299 25.447 34299 23.69
37150  29.521 37150 27.86
40178 34.073 40178 32.66
41781  36.709 41781 35.35

Tube side heat transfer coefficient vs Reynolds number

Tube side heat transfer coefficient vs Reynolds number
0
0
0

0

Shell Side Pressure Drop vs the Shell Side Reynolds Number

Validation
X
540
680
796.67
910
1016.7
1126.7
1216.7
1313.3
1406.7
1500

y

1.3543
1.6063
1.8268
2.1102
2.4252
2.7402
3.0881
3.4646
3.9055
4.2835

Tube Side Mass Flow Rate vs the Heat Exchanger Effectiveness

Validation

X
0.000204
0.000402
0.000602
0.000804

0.001

0.000202
0.000402
0.000602
0.000804

0.001

—e— Validation (Water)

& Simulation

0

0

0

400 1400 2400 3400 4400 5400 6400
Reynolds number (-)
Tube Side Pressure Drop vs the Tube Side Reynolds Number
Tube side pressure drop vs Reynolds number

—e— Validation

—e— Simulation

0 5000 10000 15000 20000 25000

Reynolds number ()

30000 35000 40000 45000

Pressure drop (Pa)

Effectiveness (%)

g

IS
&

EES Validation
X y X Y
540 1.269 99.304 10051
680 1.667 149.3  5493.7
796.7 2.01 197.13  3569.6
910 2.352 24713 2582.3
1017 2.682 296.26 1949.4
1127 3.029 395.39 1240.5
1217 3.317
1313 3.631
1407 3.938
1500 4.249
6.721828 4.123164
3.641272 4.156183
EES 4.535249 4.985075 4.046344
X y 3.243285 4.449804 4.431333
0.000204 75.43 2420364 2.170022 3.513884
0.000402 68.13 0.596164 1.951139 3.93751
0.000602 64.13 1.58222 0.811956 3.505174
0.000804 61.4 Ave % err 2.475457 3.986523 3.959085
0.001 59.43 Max % err 4.535249 6.721828 4.431333
STDdev  1.513684 1.803069 0.341835
R"2value 0.996283 0.982585 0.992477
Shell Side Pressure Drop vs the Shell Side Reynolds Number
Shell side pressure drop vs Reynolds number
—e— Validation

600 800 1000
Reynolds number (-)

1200 1400

Tube Side Reynolds Number vs the Heat Exchanger Effectiveness

—e— Simulation

1600

Heat exchanger effectiveness vs shell side mass flow

0.0002

0.0004

0.0006
Mass flow rate (kg/s)

0.0008 0.001

—e—Validation

o— Simulation

0.0012

EES
X
99.304
149.3
197.13
247.13
296.26
395.39

1.746753
7.133023

6.99462
4.869622

1.82539
4.513882
7.133023
2.646956
0.914776

Heat transfer coefficient (W/m*"2-K)

Tube Side Heat Transfer Coefficientvs Tube Pitch

6.153128
6.010265
7.714581
6.607595
7.742546
6.845623
7.742546
0.835702
0.999956

12000

10000

8000

6000

4000

2000

0

Tube Side Heat Transfer Coefficient vs Tube Pitch

Tube side heat transfer coefficient vs tube pitch

150

20 250
Tube pitch (mm)

350 400

—e—Validation —@— Simulation
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© 0N OB WN -

L
a b WON R O

Tube side heat tranfer coefficient (W/m*2-K)

Tube side heat tranfer coefficient (W/m*2-K)

a
mm
7
9
11
13
15
17
19
21
23
25
27
29
31
33
35
1600,0
1400,0
1200,0
1000,0
800,0
600,0
400,0
200,0
0,0
0,00
800
700
600
500
400
300
200
100
0
0,0

‘5 o
3

35
33
31
29
27
25
23
21
19
17
15
13
11

Aspectratio

0,20
0,27
0,35
0,45
0,56
0,68
0,83
1,00
1,21
1,47
1,80
2,23
2,82
3,67
5,00

TPL: 0,16

h_i_tube

W/m*2K
1460,0
1016,0
760,5
597,5
486,1
406,1
346,4
300,6
264,7
236,2
213,2
194,7
180,0
168,6
160,6

881,9
711,5
605,7
535,3
486,5
452,4
429,1
414,4
407,4
407,7
416,0
4343
466,2
519,3
610,1

TPL: 0,2
h_i_tube
W/m*2K
1407,0
979,3
733,0
575,9
468,6
391,4
333,9
289,7
255,2
227,6
205,5
187,7
173,5
162,5
154,8

705,5
569,2
484,6
428,2
389,2
361,9
343,3
331,6
325,9
326,1
332,8
347,5
373,0
415,4
488,1

TPL: 0,25

h_i_tube P_tube

W/m"2K Pa
1356,0 564,4
943,9 455,3
706,5 387,7
555,1 342,6
451,6 311,4
377,3 289,6
321,8 274,6
279,3 265,2
245,9 260,7
219,4 260,9
198,1 266,3
180,9 278,0
167,2 298,4
156,6 332,3
149,2 390,5

TPL: 0,3
h_i_tube
W/m*2K
1316,0
915,9
685,6
538,7
438,2
366,1
312,3
271,0
238,6
212,9
192,2
175,5
162,3
152,0
144,8

Tube Side Heat Transfer Coefficient vs Aspect Ratio

2,00

3,00
Aspect ratio (-)

--4---HTC-TPL0.16 -- #- - HTC-TPL0.2 ---A---HTC-TPL0.25 - X~

—&— PD-TPL0.16 —&— PD-TPL0.2

4,00

HTC-TPL0.3

—&—PD-TPL0.25 —>— PD-TPL0.3

5,00

HTC-TPLO.4
PD-TPLO.4

Tube Side Heat Transfer Coefficient vs Aspect Ratio

0,5

1,0

Aspectratio (-)

- - -HTC-TPL0.16 - - -HTC-TPL0.2 - -A---HTC-TPL0.25 - X~

—&— PD-TPL0.16 —@— PD-TPL0.2

HTC-TPLO0.3

—A— PD-TPL0.25 —>—PD-TPL0.3

2,0

HTC-TPL0.4
PD-TPLO.4

470,3
379,5
323,1
285,5
259,5
241,3
228,9
221,0
217,3
217,4
221,9
231,6
248,7
277,0
325,4

TPL:0,4
h_i_tube
W/m*2K
1255,0
873,5
653,8
513,7
417,9
349,1
297,8
258,4
227,6
203,0
183,3
167,4
154,7
145,0
138,1

6,00

352,8
284,6
242,3
214,1
194,6
181,0
171,6
165,8
162,9
163,1
166,4
173,7
186,5
207,7
244,0

1000,0

900,0

800,0

700,0

600,0

500,0

400,0

300,0

200,0

100,0

0,0

Tube side pressure drop (Pa)

700

600

500

400

300

Tube side pressure drop (Pa)

200

100

2,5
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Name

Aspectratio :
Aspectratio:
Aspectratio :
Aspectratio:
Aspectratio :

Aspectratio :
Aspectratio:
Aspectratio :
Aspectratio:
Aspectratio :

Aspectratio :
Aspectratio:
Aspectratio :
Aspectratio:
Aspectratio :

Aspectratio :
Aspectratio:
Aspectratio :
Aspectratio:
Aspectratio :

Aspectratio :
Aspectratio:
Aspectratio :
Aspectratio:
Aspectratio :

0,35
0,35
0,35
0,35
0,35

0,56
0,56
0,56
0,56
0,56

1,21
1,21
1,21
1,21
1,21

1,71
1,71
1,71
1,71
1,71

2,11
2,11
2,11
2,11
2,11

3
3

11
11
11
11
11

15
15
15
15
15

23
23
23
23
23

24
24
24
24
24

19,8
19,8
19,8
19,8
19,8

3
3

0,011
0,015
0,019
0,023
0,025
0,027
0,029
0,031
0,033
0,035

37
3

31
31
31
31
31

27
27
27
27
27

19
19
19
19
19

14
14
14
14
14

9,4
9,4
9,4
9,4
9,4

37
3

0,031
0,027
0,023
0,019
0,017
0,015
0,013
0,011
0,009
0,007

0,35
0,35
0,35
0,35
0,35

0,56
0,56
0,56
0,56
0,56

1,21
1,21
1,21
1,21
1,21

1,71
1,71
1,71
1,71
1,71

2,11
2,11
2,11
2,11
2,11

]

0,16
02
0,25
03
04

0,16
0,2
0,25
0,3
0,4

0,16
0,2
0,25
0,3
0,4

0,16
0,2
0,25
0,3
0,4

0,16
02
0,25
03
04

W/m*2K
836,3
806
776,9
753,9
718,9

534,6
515,2
496,6
481,9
459,6

291,1
280,6
270,4
262,4
250,3

260,9
251,4
242,3
235,2
224,3

296,7
285,9
275,6
267,4

255

Ratio  Tubepitchlength Atube

0,4
0,6
0,8
1,2
15
1,8
2,2
2,8
3,7
5,0

3

0,2
0,2
0,3
0,3
0,3
0,3
0,3
0,4
0,4
0,4

m"2
0,38
0,48
0,54
0,57
0,57
0,56
0,54
0,50
0,45
0,38

g

644,4
515,5
412,4
3437
257,8

517,6
4141
331,2
276
207

433,4
346,7
277,3
231,1
173,3

485,9
388,7

311
259,2
194,4

655,6
524,5
419,6
349,7
262,2

h_i_tube DeltaP

W/m*2-K Pa

809,90
504,00
350,90
262,80
232,30
207,90
188,30
172,70
160,50
151,90

531
362
278
233
221
214
212
217
231
260

Tube side heat transfer coefficient (W/m*2-K)

900

800

700

600

500

400

300

200

100

Tube side heat transfer coefficient (W/m*2-K)

Tube surface area (m*2)

Tube surface area (m*2)

0,1
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©
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N
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S

N
=1
3

.
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S

=
=)
=3

o
S

0,60

0,55

0,50
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0,40

0,35

0,20

0,50

0,45

0,40

0,35
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0,1
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Tube Side Heat Transfer & Pressure Drop vs Twist Pitch Length For Aspect Ratio
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Effect on Tube Surface Area & Pressure Drop Due to a Change in Twist Pitch
Length

Tube Side Heat Transfer & Pressure Drop vs Twist Pitch Length

0,15 02 0,25 03 0,35 0,4

Twist Pitch Length (m)

- 4--HTC-AR0.35 - - - HTC-AR0.56 ---A--- HTC-AR1.21 --X--- HTC-AR 1.71 - - —--- HTC-AR 2.11
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L TS e
& e
_
——
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0,15 0,2 0,25 0,3 0,35 0,4
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---A---HTC-AR1.21 —&A— PD-AR1.21
Tube Surface Area & Pressure Drop vs Aspect Ratio
A
\7\'\
b S
B e —— ™
0,6 11 16 2,1
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—@— Tube surface area(m*2) —@— Pressure drop (Pa)
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) . Tube side heat transfer coefficient vs Reynolds number
Tube side heat transfer coefficient vs Reynolds humber

PT 1l

X y y
4000 226,6 385,4
4778 270,7 444,3
5556 314,8 501,3
6333 358,9 556,7
7111 402,9 610,7

1000

800
700
600
500
—@— TT Simulation
400

—@— PT Simulation

Tube side heat transfer coefficient (W/m*2-K)

300
7889 447 663,6 200
8667 491,1 715,5 100
9444 535,1 766,4 0
10222 579,2 816,5 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
11000 623,3 865,8 Reynolds number (-)
Shell side pressure drop vs Reynolds number Shell side pressure drop VS Reynolds number
PT T
2500
X y y
4000 734,8 844,7 E 2000
5111 778 992,5 §
6222 821,3 1130 S 1500
7333 864,5 1258 §
8444 907,7 1381 5 1000 —@—PTSimutation
9556 950,9 1498 § —@— TT Simulation
10667 994,2 1610 g 500
11778 1037 1718
12889 1081 1823 0
14000 1124 1925 3000 5000 7000 9000 11000 13000 15000
Reynolds number (-)
Tube side pressure vs Reynolds number .
PT T Tube side pressure drop vs Reynolds number
X y y 450
4000 65,12 312,1 400

5222 98,45 326,5
6444 131,8 338,3
7667 165,1 348,4
8889 198,5 357,2
10111 231,8 365
11333 265,1 372,1
12556 298,5 378,6
13778 331,8 384,6
15000 365,1 390,2

Tube side pressure drop (Pa)

350
300
250
200 —@— PT Simulation
150 —@— TT Simulation
100

50

3000 5000 7000 9000 11000 13000 15000 17000
Reynolds number (-)

Heat exchanger effectiveness vs mass flow rate
PT m Heat exchanger effectiveness vs mass flow rate
X y y
10 71,09 80,96

1889 6561 7552 80

27,78 6352 72,44

36,67 6243 70,32 7

4556 61,76 68,73 70

54,44 61,3 67,45 2 —@— PT Simulation
6333 60,97 66,4

—@— TT Simulation

85

Effectiveness (%)

72,22 60,72 65,49 60
81,11 60,53 64,71
90 60,37 64,02 55
50
0 10 20 30 40 50 60 70 80 90 100

Mass flow rate (kg/s)
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PTSTHE
Year

Total

TTSTHE
Year

Total

Cost
1R 3 235,59
2 R 3 105,65
3 R 3109,36
4 R 3 105,65
5 R 3109,36
R 15 665,60
Cost
1R 2 885,02
2 R 2 755,07
3 R 2760,27
4 R 2 755,07
5 R 2760,27
R 13 915,69

Profit
R

R
R
R
R
R

Profit
R

~ XX ™=

3 640,25
6 875,85
6 875,85
6 875,85
6 875,85
31 143,65

3990,83
6 875,85
6 875,85
6 875,85
6 875,85
31494,23

Result
R

== B~ B R s s

Result
R

~ XX ™=

404,66
4174,86
7 941,35

11711,56
15 478,05
39710,48

1105,81
5226,59
9342,17
13 462,95
17 578,53
46 716,06

(R)

Profit ¥1076

Financial STHE Profit Over 5 Years

R20 000,00
R18 000,00
R16 000,00
R14 000,00
R12 000,00
R10 000,00
R8 000,00
R6 000,00
R4 000,00
R2 000,00
R-
0 1 2 3 4

Time (Years)

—@—PTSTHE —@—TTSTHE
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File:Plain tube shell-and-tube heat exchanger calculation.EES 2026/02/17 11:05:43 Page 1
EES Ver. 12.053: #2413: Mechanical & Nuclear Engineering, North-West University, Potchefstroom, South Africa

Main

RUNggg = 'True'
RUNpears = 'True'
RUNpgrgg = 'True'
RUNggg = 'True'
fluidypesiges = 'Water'
fluidghensiges = 'Steam’

Piwve = 150 [kPa]

Po:tube 135 [kPa]

Towbe = (90 + 273,15) - 1 [K]
Pisnen = 306 [kPa]
Posner = 305 [kPa]
Tiwe = (80 + 273,15)- 1 [K]
Tisnen = (123 +273,15) - 1 [K]
Pouk = 138 [kPa]
Toux = (88 +273,15) - 1 [K]
Puat = 170 [kPa]

Twar = (102,5 + 273,15) - 1 [K]

Pouksher = 305,5 [kPa]

Toukshen = (118 +273,15) - 1 [K]
Pwall;shell = 30 [kPa]
Twall;shell = (100 + 273115) -1 [K]

dotwe = 0,01 [m]
dintettue = 0,1168 [m]
tubey = 0,00165 [m]
Qiwbe = dotube — 2 ° tubeyy
dosher = 0,6 [m]

shelly, = 0,016 [m]

dishen = doshen — 2+ shelly

dinietshen = 0,1701 [m]

Wi;tube = 55 [m/s]
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Wo;tube = 10 [m/S]

Wi;tube + Wo;tube

2

Wave;tube

Wishen = 15 [m/s]

Wo;shell = 53 [m/S]

Wave;shell

Wo;shell + Wi;shell

2

S1

0,024 [m]

S2

0,018 [m]

do;tube

Sz

do;tube

Lwpe = 4,26 [m]

n, = 442 []
L, = 0,3 [m]
z = 130000 []
C = 0,386 []

clearance = 0,00495 [m]

pitch = 0,024 [m]

c, = 086 []
Ny = 4[]

Cy¢ = 2,x10° [R]
c; = 10000 [R]

i, = 11 [%]

OpPime = 20 [yr]

C. = 1,5x10° [R]
n=1F[]

n, = 58 [%]

Coump = 0,00288 [R/Wh]

| = 0,38 - Mgy - 1 [s/kg]
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tt = 7300 [hiyr]

j = 1,88 [RW]

q = 780 [W/h]
e = 2,718 [
m = 0,14 []

ki;tube = k (ﬂUidtube;side$ ; T= Ti;tube; P= Pi;tube)
ko;tube = k (ﬂUidtube;side$ ; T= To;tube; P= Po;tube )
Kishet = K (ﬂUidshell;side$ » T= Tishens P = Pi;shell)

ko;shell = k (ﬂUidshell;side$ ; T= To;shell; P= IDo;shell )

k — ko;tube + ki;tube

ave;tube _—
2

k — ko;shell + ki;sheII

ave;shell = | ——M
2

Histube = ViSC (ﬂUidtube;side$ ; T = Ti;tube; P = Pi;tube)
Ho;tube = ViSC (ﬂUidtube;side$ ; T = To;tube; P = Po;tube )
Mishet = Visc (ﬂUidsheII;side$ 3 T= Tishen; P = Pi;shell)

Ho;shell = ViSC (ﬂUidsheII;side$ ; T = To;shell; P = Po;shell )

Hojtube F Mitube

2

Have;tube

Have;shell

Ho;shell + Hi;shell
2

Pitube = P(ﬂUidtube;side$ ; T= Ti;tube; P= Pi;tube)
Pojtube = P(ﬂUidtube;side$ ; T= To;tube; P= Po;tube )
Pishell = P(ﬂUidsheII;side$ 3 T= Tishen; P = Pi;shell)

Po;shell = P(ﬂUidsheII;side$ ; T= To;shell; P= Po;shell )

Po;tube + Pi;tube

2

Pave;tube

Pave;shell

Po;shell + Pi;shell
2

Viwbe = KinematicViscosity (ﬂUidtube;sides s T=Tiwe; P= Pi;tube)

Vowbe = KinematicViscosity (ﬂUidtube;sides s T=Totupe; P= Po;mbe)
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Vo;tube + Vi;tube

2

Vave;tube

CPiwbexskgk = CP (ﬂUidtube;side$ ; T=Tiwe; P= Pi;tube)
Cpo;tube;kJ\kgK = Cp (ﬂUidtube;side$ ; T= To;tube; P= Po;tube )
CPishelkokgk = CP (ﬂUidshell;side$ y T=Tishens P= Pi;shell)

Cpo;shell;kJ\kgK = Cp (ﬂUidshell;sideﬁi ; T= To;shell; P= Po;shell )

c CPo:shelikikgk T CPiishelikdikgk
pave;shell
2
c _ | CPotubekikgk + CPitubekiikgk
pave;tube -
2

pouk = Visc (ﬂUidsheII;side$ s T = Tou s P = Ppuk )

Hwall = Visc <f|UidsheII;side$ ; T= TwaII ) P= Pwall )
Ubulk;shell = Visc <f|UidsheII;side$ 5 T= Toukshe 5 P = Phuikshen )
Hwall;shell = ViSC (ﬂUidsheII;side$ ; T = Twall;shell ; P = Pwall;shell )
J/kg—K
Cpiwbe = | 1000 - 9 * CPiube:kdikgk
kd/kg-K
J/kg—K
Cpo;tube = 1000 - 9 ' Cpo;tube;kJ\kgK
kd/kg-K
Jikg-K
Cpishen = | 1000 - g * CPishelikikgk
kd/kg-K
Jikg-K
Cpo;shell = 11000 - g ' Cpo;shell;kJ\kgK
kd/kg—-K
L dim L2
i = 10,01 o "y mRminttube stetlbahbtidie ek eketanieiutaldnitibiRtbattaobean g dl-andrddatiehedtandiiabe
0

heat exchanger calc

Tube side heat transfer coefficient
and-tube heat exchanger calcula

Heat Transfer Coefficient Calculation

_  Mitupbe -~ Cpi;tube
I:)ri;tube - -

ki;tube

) _  MHojtube ° Cpo;tube
r'o;tube - -

ko;tube
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=1+ 2
3-Db

y=1-_7"
4-a-b

This section is not calculated for validation 2

Ty
Wo;tube — o;tube

Re, =
Voitube Y

End of section

T
Witube ~ — ° di;tube

Re; =
Vitube = Y

Vilam =~ 0!664 . vRei ) \/g ) I:)ri;tube
Volam = 0!664 . vReo ) \/g ) Pro;tube

0,037 - Re;*® - Priye

Viturb =
1 + 2,443 - 17- (Priswe — 1)
Reio‘1
_ 0,037 - Reo®® - Proupe
Voiturb —
1 + 2,443 - 17- (Protwe — 1)
0,1
Re,

- 2 2
vii = 0,3 + \ Vidam  t Viturb

- 2 2
Vio = 03 + V Voilam  t Vorturb

Vi:shell = fa TV
Vo:shell = fa " V10
1
n I:)ri;tube
C - Re - " Kitupe
3
hi;tube =
do;tube

Pr !
n o;tube 3
C-Re, -2 ko;tube

3

ho;tube

do;tube
h — hi;tube + ho;tube
ave;tubpe T —M—————————

2

h _ ki;shell * Vishell
ishell — ————

T
— di;shell
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_ ko;shell * Vo;shell

ho;shell
T
— do;shell
h — hi;sheII + ho;shell
ave;shell = —— ——————
2
1
Utube
do.
di;tube o [
1 + d i;tube d i;tube
hi;tube ko;tube ho;tube ) do;tube
1
Ushell
d,.
dishen - In oishel
1 + di;shell di;shell
hi;shell ko;shell ho;shell ) do;shell
Pressure Drop Calculation
W 2
= i;tube
Ptube;i =15 Pitube °
2
w 2
- o;tube
Ptube;o =15 Po;tube °
2
clearance
Sm = dighen * Lp - _
pitch
2
dinlet'tube
Mibe = Pitube ~ Witupe * T ° {
2
m
Gs = tube
Sm
2
. 2 T " do;tube
4 - |c, - pitch” - n
de =
T do;tube

This section is not calculated for validation 4

Woitube * Ltube

Retube =
Vo;tube
End of section
0,316
ftube 025
‘Retube ‘ Y

This section is not calculated for validation 3
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do - G
Reghet = & %

Ho;shell

End of section

_ 0,316

fshell
0,25
‘Reshell |

bulk
x = He

Hwall

2

p _ 2 ftube " Poitube * Wotube Ltube .
tubes T X

d i;tube

This section is not calculated for validation 1

d 2
— . . . inlet;shell
Mghell = Pishell Wishell = T }

2

End of section

-m 2
Ptube =, - 8 - ftube . Ltube Mi;tube} + 2‘5 . Po;tube Wi-tube
di;tube Hwall 2
P = f _do;shell_( +1) i 2
shell = Tshet = ——— " (N Po;shell Wo:shell
e
Effectiveness Calculation
Ch = Mgren = CPishen
Cc = Mype * Cpi;tube
Cmin = Min (Ch; Cc)
Cmax = Max<Ch; Cc)
Rc — Cmin
Cmax
d..
Awpe = 2w ttube . Liwe * Ny
2
Ntu - Utube : Atube -
Cmin
1
e, =2~ - 100 [%]
05 1+ (N (1+ R) )
1+R +(1+R?) - °©
1 — g(MNu-[1+ R) )
my = 1
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Qmax = Cmin ) (Ti;shell - Ti;tube)

Qtube = Cc ) (To;tube - Ti;tube)

Qehen = Cp - (Ti;shen - To;shell)

1

tanh | U - (1 +m; - R™ )L H
eff = 2 - 100 [%]
1
Nuw . (1+my - R
2
e n
1-_"1" -R, ) )
0,
1 [%] _1l. 1 - 100 [%]
1 €4 1 - e ) Rc n
1 [%] 0
1 [%] R,
1- &
1 [%]
e, =
100
5 — To;shell - To;tube - (Ti;shell - Ti;tube)
Titube —

In

To;shell - To;tube}

Ti;shell - Ti;tube

Qtube

Ltube;check

Utbe * ditube * STituve
Energy Balance
enthalpyigher = h (ﬂUidshell;side$ s T= Tishens P = Pi;shell)
enthalpy,ener = h (ﬂUidshell;side$ y T=Togsnen; P= Po;shell)
enthalpy;ype = h (ﬂUidtube;side$ 7 T=Tiwe: P= Pi;tube)
enthalpy,ipe = h (ﬂUidtube;side$ » T=Totubes P = Potube )
Qin = Qout
Qi = Mg - (enthalpyighen — enthalpy gshen)

Qout = Mype * (enthalpyo;tube - enthalpyi;tube)

Qout
mi;tube = -
er]thalpyi;tube
Qout
mo;tube =
enthalpyo;tube
Qin
Mishen =

enthalpy;ghe
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Qin

mo;shell -
enthalpyo;shell

Plain Tube Inputs

Variables

RUNggg = 'True'

RUNpears = 'True'

RUNpgrgg = 'True'

RUNggg = 'True'

fluidypesiges = 'Water'
fluidghensiges = 'Steam’

Piuwe = 150 [kPa]

Powse = 135 [kPa]

Towbe = (90 + 273,15) - 1 [K]
Pisner = 306 [kPa]

Poshel = 305 [kPa]

Tiwe = (80 + 273,15)- 1 [K]
Tisnen = (123 +273,15) - 1 [K]
Pouk = 138 [kPa]

Toux = (88 +273,15) - 1 [K]
Puat = 170 [kPa]

Twar = (1025 + 273,15) - 1 [K]

Pouksher = 305,5 [kPa]

Thulk;shell (118 + 273,15) - 1 [K]

Pwali;shell 30 [kPa]

Twatshet = (100 + 273,15) - 1 [K]
dotube = 0,01 [m]

dinetwre = 0,1168 [m] 4 #150 Nozzle
tubey, = 0,00165 [m]

di;tube = do;tube — 2 - tubey

do;shell = 0,6 [m]
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shelly, = 0,016 [m]
dishe = doshent — 2 * shellyy
Dinetshen = 0,1701 [m]

6 #150 Nozzle

Witube = 55 [m/S]
Woitube = 10 [m/S]
Wave;tube —_ Wi;tube + Wo;tube
2
Wishet = 15 [m/s]
Wo;shell = 53 [m/S]
W, + W.
Wave;shell o;shell i;shell
2
S; = 0,024 [m] Horizontal tube spacing
S, = 0,018 [m] Vertical tube spacing
- Sy
a = Longitudinal tube spacing ratio
do;tube
- S
b = Transverse tube spacing ratio
do;tube

Liwe = 4,26 [m]

n, = 442 [-] Number of tubes

L, = 0,3 [m]

z = 130000 [-]

C = 0,386 [-] Baffle spacing

clearance = 0,00495 [m]

pitch = 0,024 [m]

c, = 0,86 [] Triangular tube pitch constant
n, = 4 [[] Number of baffles

Cif

2,x10% [R]
c; = 10000 [R]
i, = 11 [%]

OPPtime = 20 [yr]
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C. = 1,5x10° [R]
n=1F[]

n, = 58 [%]

Coump = 0,00288 [R/Wh]
| = 0,38 - Mgy - 1 [s/kg]
tt = 7300 [h/yr]

j = 1,88 [RW]

q = 780 [W/h]
e = 2,718 [
m = 0,14 []

Kiwoe = K (flUidupesices ; T = Tiaupes P = Praue )
Kotube = K (flUidupesiges 5 T = Toube; P = Pogupe )
Kisne = K (fluidsneiisiges 5 T = Tisheni; P = Pishen)
Kosnet = K (fluidsnensides 5 T = Toshens P = Poshen )

ko;tube + ki;tube

kave;tube =
2
k — ko;shell + ki;sheII
ave;shell = | ——Mmm—
2

Histube = ViSC (ﬂUidtube;side$ ; T = Ti;tube; P = Pi;tube)
Ho;tube = ViSC (ﬂUidtube;side$ ; T = To;tube; P = Po;tube )
Mishet = Visc (ﬂUidsheII;side$ 3 T= Tishen; P = Pi;shell)

Ho;shell = ViSC (ﬂUidsheII;side$ ; T = To;shell; P = Po;shell )

Hojtube F Mitube

2

Have;tube

Have;shell

Ho;shell + Hi;shell

2

Pitube = P(ﬂUidtube;side$ ; T= Ti;tube; P= Pi;tube)
Pojtube = P(ﬂUidtube;side$ ; T= To;tube; P= Po;tube )
Pishel = P(ﬂUidsheII;side$ 3 T= Tishen; P = Pi;shell)

Po;shell = P(ﬂUidsheII;side$ ; T= To;shell; P= Po;shell )

Po;tube + Pi;tube
2

Pave;tube
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Pave;shell

Po;shell + Pi;shell
2

Viwbe = KinematicViscosity (ﬂUidtube;sides ; T=Tiwe; P= Pi;tube)
Vowbe = KinematicViscosity (ﬂUidtube;sides s T=Totupe; P= Po;tube)

Vo;tube + Vi;tube

2

Vave;tube

CPiwbexskgk = CP (ﬂUidtube;side$ y T=Tiwe; P= Pi;tube)
Cpo;tube;kJ\kgK = Cp (ﬂUidtube;side$ ; T= To;tube; P= Po;tube )
CPishelkokgk = CP (ﬂUidshell;side$ s T=Tishens P= Pi;shell)

Cpo;shell;kJ\kgK = Cp (ﬂUidshell;sideﬁi ; T= To;shell; P= Po;shell )

c _ | CPoshelikakgk + CPishell:kikgk
pave;shell -
2
c _ | CPotubeskikgk + CPitubekiikgk
pave;tube -
2

pouk = Visc (ﬂUidsheII;side$ s T = Tou s P = Ppuk )

Hwall = Visc <f|UidsheII;side$ ; T= TwaII ; P= Pwall )
bulk;shell = Visc <f|UidsheII;side$ 5 T= Toukshe 5 P = Phuikshen )
Hwall;shell = ViSC (ﬂUidsheII;side$ ; T = Twall;shell ; P = Pwall;shell )

convert units

J/kg—K

Cpiwbe = | 1000 - 9 * CPitubekkgk
kd/kg-K
J/kg—K

Cpo;tube = 1000 - 79 ' Cpo;tube;kJ\kgK
kd/kg-K
Jikg-K

Cpishen = | 1000 - g * CPishelikikgk
kd/kg-K
Jlkg-K

Cpo;shell = 11000 - g ' Cpo;shell;kJ\kgK
kd/kg-K

i =001 9M| .2

%
PT V1

Plain Tube STHE Validation 1

Shell Side Mass Flow Rate vs. Shell Side Pressure Drop
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RUNggs = 'False’
RUNHEAT$ = 'False'
RUN PRE$ = "True'

RUNggg = 'False'’

Variables
fluidypesiges = 'Water'
fIUidshell;side$ = 'Air'

dishen = 0,1 [m]
dintetshen = 0,1 [m]
dosher = 0,2 [m]
dite = 0,015 [m]
dinettuee = 0,015 [m]

do;tube = 0,017 [m]

s, = 0,02 [m]
b = %2
do;tube
2
do.
Ashell = q- o,shell}
2

Lube = 0,5 [m]

n, = 37 [[] Number of tubes
n, = 4 [[] Number of baffles
dhte = 0,015 [m]

L, = 0,125 [m]

pitch = 0,02 [m]

clearance = pitch — djype

c, = 0,86 []

z = 11[]

m = 0,14 [-] Turbulent flow constant
uwat = 0,0003545 [Pa-s]

uouk = 0,00001754 [Pa-s]
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Hwall;shell = 0,0003545 [Pa-s]

Ibulk;shell = 0,00001754 [Pa-s]

Mitwe = Visc (ﬂUidtube;sideSS 7 T= Tiwpe; P = Pi;tube)

Hogube = Visc (ﬂUidtube;sideSS y T = Totubes P = Potube )

Mishet = Visc (ﬂUidsheII;side$ ;T= Ti;shell)

Roshel = Visc (ﬂUidsheII;side$ 3 T= Toshen )

Ho;tube + Histube

Have;tube =
2
_ Ho;shell + Hi;shell
Have;shell =
2
Spheat;ratio;tube =1 [']
Spheat;ratio;shell = 1s4 [']

Viwve = KinematicViscosity (ﬂUidtube;sides ; T=Tiwe; P= Pi;tube)
Vowbe = KinematicViscosity (ﬂUidtube;sides s T=Totupe; P= Po;mbe)

Vo;tube + Vi;tube

2

Vave;tube

Cpiwwe = 4,194 [kJ/kg-K]

Cpisnen = 1,006 [kJ/kg-K]

CPiwbecalc = CP (fluiduwsesices 5 T = Tiwubes P = Piube )
CPotbekikgk = CP (fluidiupesiges 5 T = Totbe: P = Pogube )
CPoshelikikgk = CP (ﬂUidshell;side$ 7 T=Tosnen )

— Cpi;tube + Cpo;tube;kJ\kgK
2

Cpave;tube

_ Cpishen * CPoshelixikgk

2

Cpave;shell

piwbe = 971,8 [kg/m?]

pishel = 1,269 [kg/m?]

potwe = p(fluidypesides ; T = Toube: P = Potube )
poshel = p(fluidsneiisices 3 T = Toshen; P = Posnei )

Po;tube + Pi;tube

2

Pave;tube
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Pave;shell

Po;shell + Pi;shell

2
ki;tube = 0,6562 [W/m-K]

Kishen = 0,02401 [W/m-K]

ko;tube = k (ﬂUidtube;side$ ; T= To;tube; P= Po;tube )
ko;shell = k (ﬂUidshell;side$ ; T= To;shell )
k b = ko;tube + ki;tube
ave;tube -
2
k hell - ko;shell + ki;sheII
ave;shel _
2
Re; = 4000 [-]

Re, = 10000 []
Piwve = 101,325 [kPa]
Posnen = 85 [kPa]
Piser = 150 [kPa]
Powbe = 10 [kPa]
Tiwe = 324,1 [K]
Towve = 348 [K]
Tishen = 340 [K]

To;shell = 281 [K]

m = m . Witube i
izshell izshell Relation calculated
rni;tube
w - mo;shell i
o;shell — Relation calculated

Po;shell -~ Ashell

Wi;tube = 012 [m/S]

Wo;tube = 0,1 [m/S]

Miwpe = 0,76049 [kg/s]
Mowve = 0,38025 [kg/s]

Misner = 0,0099697 [kg/s]
Moghen = 0,0039857 [kg/s]

Convert Units
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JIkg—-K

Cposhen = | 1000 - g " CPoshelikJikgk
kJ/kg—K
J/kg-K

Cpo;tube = 1000 - 9 ' Cpo;tube;kJ\kgK
kJ/kg—K

Uncompiled equations within $IF conditional statements

Plain Tube STHE Validation 2

Tube Side Heat Transfer Coefficient vs. Reynolds number
RUNggg = 'False’

RUNpears = 'True'

RUNpgregg = 'False’

RUNggs = 'False'’

Variables
fluidypesiges = 'Water'
fIUidshell;side$ = 'Air’

Resher = 8000 [-]
Rewse = 8000 []
Piwve = 101,325 [kPa]
Posnen = 85 [kPa]
Piwer = 150 [kPa]
Powbe = 10 [kPa]
Tiwne = 3241 [K]
Towve = 348 [K]
Tishen = 340 [K]
Toshen = 281 [K]
disher = 0,1 [m]
Jinietshen = 0,1 [m]
doshen = 0,2 [m]
ditwe = 0,015 [m]

dinlet;tube = 01015 [m]
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do;tube = 01017 [m]

s, = 0,02 [m]

s; = 0,02 [m]

a = °
do;tube

b = %2
do;tube

2

do.
Ashell = q- { o,shell]
2

Lube = 0,5 [m]

n, = 37 [[] Number of tubes
n, = 4 [[] Number of baffles
dhte = 0,015 [m]

L, = 0,125 [m]

pitch = 0,02 [m]

clearance = pitch — djype

c, = 0,86 []

m = 0,14 []

C = 0,386 [-]

n = 0,492 [-] Turbulent flow constant
uwat = 0,0003545 [Pa-s]

uouk = 0,00001754 [Pa-s]

Hwall;shell = 0,0003545 [Pa-s]

Ubulk;shell = 0,00001754 [Pa-s]

Witbe = Visc (ﬂUidtube;side$ s T=Titwe: P = Pi;tube)
Hogube = Visc (ﬂUidtube;side$ y T = Totubes P = Potube )
Uishen = Visc (ﬂUidsheII;side$ ;T= Ti;shell)

Ho;shell = Visc (ﬂUidsheII;side$ ;T = To;shell )

Ho;tube + Histube

2

Have;tube
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Ho;shell + Hi;shell

Have;shell =

2
Spheat;ratio;tube =1 [']
Spheat;ratio;shell = 1s4 [']

Vouwbe = KinematicViscosity (fluidsesiges ; T = Totue; P = Postue )
Viwve = KinematicViscosity (fluidypesiges ; T = Tituve: P = Pitube )

Vo;tube + Vi;tube
2

Vave;tube

CPiwwe = 4194 [J/kgK]

CPisen = 1,006 [kJ/kg-K]

CPomwbekikgk = CP (fluidwpesiges 5 T = Totube: P = Potuve )
CPoshelikikgk = CP (fluidsneisiges 5 T = Toishenn )

CPo:sheiikikgk + CPisshel

Cpave;shell =

2
Pitube = 971,8 [kg/m3]
pishet = 1,269 [kg/m3]

Potube P(ﬂUidtube;side$ ; T= To;tube; P= Po;tube )

Po;shell = P(ﬂUidsheII;side$ ; T= To;shell; P= Po;shell )
_ Po;tube + Pi;tube
Pavejtube - |——
2
_ Po;shell + Pi;shell
Pave;shell =
2

ki;tube = 0,6562 [W/m-K]

Kishet = 0,02401 [W/m-K]
ko;tube = k (ﬂUidtube;side$ ; T= To;tube; P= Po;tube )
ko;shell = k (ﬂUidshell;side$ ; T= To;shell )
k b ko;tube + ki;tube
ave;tube _
2
k hell - ko;shell + ki;sheII
ave;shel _
2

Miwe = 0,76049 [kg/s]

Moitube = 0,38025 [kg/s]
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Mighen = 0,0099697 [kg/s]

mo;shell = 0,0039857 [kg/S]

- rni;tube + mo;tube

mave;tube
2
m.. + m,.
mave;shell = i;shell o;shell
2
- Witub
Wishell = Misnell © — - Relation calculated
rni;tube
w = mo;shell .
o;shell — Relation calculated
Po;shell -~ Ashell
Wi;tube = 012 [m/S]
Wo;tube = 0,1 [m/S]
Convert Units
JIkg-K
Cposhen = | 1000 - 9 " CPoshelikJikgk
kJ/kg—K
J/kg-K
Cpo;tube = 1000 - 9 ' Cpo;tube;kJ\kgK
kJ/kg—K

PT V3

Plain Tube STHE Validation 3

Shell Side Pressure Drop vs. Shell Side Reynolds number
RUNggg = 'False’

RUNpears = 'False’

RUNpgrgg = 'True’

RUNggg = 'False'’

Variables
fluidypesiges = 'Water'
fIUidshell;side$ = 'Air’

digher = 0,1 [m]
dintetshe = 0,1 [m]
do;shell = 012 [m]

di;tube = 0,015 [m]
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dinlet;tube = 01015 [m]

do;tube = 0,017 [m]

s, = 0,02 [m]
b = %2
do;tube
2
do.
Ashell = - o,shell}
2

Lwpe = 0,5 [m]

n, = 37 [[] Number of tubes
n, = 4 [[] Number of baffles
dhte = 0,015 [m]

L, = 0,125 [m]

pitch = 0,02 [m]

clearance = pitch — dipe

c, = 0,86 []

z = 11[]

m = 0,14 [-] Turbulent flow constant
pwat = 0,0003545 [Pa-s]

uouk = 0,00001754 [Pa-s]

Hwall;shell = 0,0003545 [Pa-s]

Ubulk;shell = 0,00001754 [Pa-s]

Witbe = Visc (ﬂUidtube;side$ s T=Titwe: P = Pi;tube)
Hogube = Visc (ﬂUidtube;side$ y T = Totubes P = Potube )
Hoshel = Visc (fluidsneisiges T = Tosheil )

Uishen = Visc (ﬂUidsheII;side$ ;T= Ti;shell)

Hojtube t Mitube

Have;tube =
2
_ Ho;shell + Hi;shell
Have;shell =
2
Spheat;ratio;tube =1 [']

Spheat;ratio;shell = 1,4 [']
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Vouwbe = KinematicViscosity (fluidypesises ; T = Totube: P = Potuve )
Viwbe = KinematicViscosity (fluidypesiges 5 T = Titube; P = Pitube )

VO;tube + Vi;tube

2

Vave;tube

CPiwve = 4,194 [kd/kg-K]

CPisnan = 1,006 [kJ/kg-K]

CPitbecale = CP (flUidypesiges T = Tiuve; P = Priue )
CPomwbekikgk = CP (fluidwpesiges 5 T = Totube; P = Pouve )
CPoshelkikgk = CP (fluidghensiges : T= Toshei )

piwbe = 971,8 [kg/m?]

pishel = 1,269 [kg/m?]

Poitube = P(ﬂUidtube;side$ 5 T= Totues P = Potube )

Po;shell = P(ﬂUidsheII;side$ ; T= To;shell; P= Po;shell )
_ Po;tube + Pi;tube
Pavejtube - |——
2
_ Po;shell + Pi;shell
Pave;shell =
2

ki;tube = 0,6562 [W/m-K]
Kishen = 0,02401 [W/m-K]
ko;tube =k (ﬂUidtube;side$ ;T= To;tube; P= Po;tube )

ko;shell = k (ﬂUidshell;side$ ; T= To;shell )

k ko;tube + ki;tube

ave;tube - @@
2

k - ko;shell + ki;sheII

ave;shell S
2

Re; = 4000 [-]

Re, = 10000 []
Piwe = 101,325 [kPa]
Poshen = 85 [kPa]
Pishet = 150 [kPa]
Potwbe = 10 [kPa]

Ti;tube = 324,1 [K]
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To;tube = 348 [K]

Tishen = 340 [K]

To;shell = 281 [K]

Regheir ™ Hishel .
Wishell = Relation calculated
Pi;shell  * do;shell '

Re€ghel * Hosshell

Wo;shell = Relation calculated
Posshell  * do;shell '

Wi;tube = 012 [m/S]

Wo;tube = 0,1 [m/S]

Mibe = 0,76049 [kg/s]
Moitube = 0,38025 [kg/s]
Mighen = 0,0099697 [kg/s]

rni;tube +m o;tube
2

m ave;tube

m i;shell +m o;shell

2

mave;shell

mo;she" = 0,0039857 [kg/S]

Convert Units

JIkg-K

Cpo;shell = | 1000 - 79 ' Cpo;shell;kJ\kgK
kd/kg-K
J/kg-K

Cpo;tube = 1000 - 9 ' Cpo;tube;kJ\kgK
kJ/kg—K

PT V4

Plain Tube STHE Validation 4

Tube Side Pressure Drop vs. Tube Side Reynolds number
RUNggg = 'False’

RUNpears = 'False’

RUNpgrgg = 'True'

RUNggg = 'False’

Variables

fluidypesiges = 'Water'
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fluidsnersiges = "Air’

dishen = 0,1 [m]

dinetshen = 0,1 [m]

doshen = 0,2 [m]

dite = 0,015 [m]

dinetbe = 0,015 [m]

do;tube = 0,017 [m]

s, = 0,02 [m]
b = %2
do;tube

2

do.
Ashell = q- { o,shell}
2

Lube = 0,5 [m]

n, = 37 [[] Number of tubes
n, = 4 [[] Number of baffles
dhte = 0,015 [m]

L, = 0,125 [m]

pitch = 0,02 [m]

clearance = pitch — djype

c, = 0,86 []

z = 11[]

m = 0,14 [-] Turbulent flow constant
pwat = 0,0003545 [Pa-s]

uouk = 0,00001754 [Pa-s]

Hwall;shell = 0,0003545 [Pa-s]

Ibulk;shell = 0,00001754 [Pa-s]

Witbe = Visc (ﬂUidtube;side$ s T=Titwe: P = Pi;tube)
Hogube = Visc (ﬂUidtube;side$ y T = Totubes P = Potube )
Hoshel = Visc (fluidsneiisiges T = Tosheil )

Wishet = Visc (ﬂUidsheII;side$ yT= Ti;shell)
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Ho;tube + Hi;tube

Haveitube =
2
_ Ho;shell + Hi;shell
Have;shell =
2
Spheat;ratio;tube =1 [']
Spheat;ratio;shell = 1s4 [']

Vowbe = KinematicViscosity (fluidisesiges ; T = Totue; P = Potue )
CPiwpe = 4,194 [kJ/kg-K]

CPishe = 1,006 [kJ/kg-K]

CPitbecale = CP (flUidypesiges T = Tiuve; P = Priue )

CPomwbekikgk = CP (fluidwpesiges 5 T = Totube: P = Potuve )
CPoshelikikgk = CP (fluidsneisiges 5 T = Toishenn )

piwbe = 971,8 [kg/m?]

pishel = 1,269 [kg/m?]

Potube = P(ﬂUidtube;side$ ; T= To;tube; P= Po;tube )

Po;shell = P(ﬂUidsheII;side$ ; T= To;shell; P= Po;shell )
_ Po;tube + Pi;tube
Pavejtube - |——
2
_ Po;shell + Pi;shell
Pave;shell =
2

ki;tube = 0,6562 [W/m-K]
Kishen = 0,02401 [W/m-K]
ko;tube =k (ﬂUidtube;side$ ;T= To;tube; P= Po;tube )

ko;shell = k (ﬂUidshell;side$ ; T= To;shell )

k = ko;tube + ki;tube

ave;tube _—
2

k = ko;shell + ki;sheII

ave;shell _—
2

Re; = 4000 [-]

Re, = 10000 [-]
Piwe = 101,325 [kPa]

Po;shell = 85 [kpa]
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Pishet = 150 [kPa]

Potwbe = 10 [kPa]

Tiwe = 324,1 [K]

Towwe = 348 [K]

Tishen = 340 [K]

Toshen = 281 [K]

Regheir ™ Hishel .
Wishell = Relation calculated
Pi;shell  * do;shell '

_ Regan * Hosher \
Wo;shell = Relation calculated
Posshell  * do;sheII '

Retube * MHistube
Wi;tube = 0000 2,2

Pijtube do;tube

Retube " Hostube
Wo;tube = 000900 - 2,2

Po;tube * do;tube

Wi;tube + Wo;tube

2

Wave;tube

Wi;shell + Wo;shell

2

Wave;shell

Miwwe = 0,76049 [kg/s]
Moitube = 0,38025 [kg/s]
Migher = 0,0099697 [kg/s]

—_ rni;tube + mo;tube

mave;tube -
2

r.ni;shell + mo;shell

2

mave;shell

mo;she" = 0,0039857 [kg/S]
Convert Units

Jikg—K

Cpo;shell = | 1000 -
kJ/kg—K

" CPo;shell:kkgk

Jlkg—K

Cpo;tube = 11000 -
kJ/kg—K

' Cpo;tube;kJ\kgK
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PTVS

Plain Tube STHE Validation 5

Heat Exchanger Efficiency vs. Shell Side Mass Flow Rate

Tube Side Fluid = Water

Shell Side Fluid = Water

RUNggg = 'True'

RUNpears = 'True'

RUNpgregg = 'False’

RUNggg = 'False'’

Variables
ﬂUidtube;side$ = '"Water'
fIUidshell;side$ = 'Water'

ditbe = 0,0254 [m]

dotwe = 0,0257 [m]

dishen = 0,1544 [m]

dosher = 0,1564 [m]

Mupe = 1,5 [kg/s]

This section is not calculated for validation 5
Mgrer = 1,5 [kg/s]

End of section

Libe = 2 [m]

I = 0,38 * Mgy - 1 [s/kd]

n, = 22 []
n = 12 []

a = 125 []
b = 15 []

e = 2718 [
C = 0,386 []
n = 0492 [

To;shell = 311,52 [K]
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Tishen = 313 [K]

Tiwwe = 303,55 [K]

Towve = 304,44 [K]

Pishen = 100,27659 [kPa]
Poshen = 115560156 [kPa]
Piwve = 100,27659 [kPa]
Powbe = 103,65992 [kPa]
pishel = 994,75 [kg/m?]
piwbe = 996,1 [kg/m?]
Cpishen = 4178,375 [J/kg-K]
Cpitbe = 4179,125 [J/kg-K]
CPomwbekikgk = CP (luidwpesiges 5 T = Totube; P = Potuve )
Uishel = 698 [Pa-s]

Mitwbe = 786 [Pa-s]

Ho;tube = Visc (ﬂuidmbe;side$ ) T= To;tube; P= Po;tube )

Ho;tube + Histube

2

Have;tube

Kishet = 0,624 [W/m-K]
ko;sheII = 0,632 [W/m-K]
ki;tube = 0,616 [W/m-K]

ko;tube = 0,614 [W/m-K]

k - ko;tube + ki;tube

avejtube T |——————
2

K = | Kosnen * Kishel

ave;shell = | —m————
2

Witube = 0,887 [m/s]

Woitube = 0,443 [m/s]

Wi:tube + Wo:tube
2

Wave;tube

Viwbe = KinematicViscosity (fluidupesides ; T = Tituve; P = Piiube )

Vowbe = KinematicViscosity (fluidypesises ; T = Totube P = Potuve )



File:Plain tube shell-and-tube heat exchanger calculation.EES 2026/02/17 11:05:51 Page 28
EES Ver. 12.053: #2413: Mechanical & Nuclear Engineering, North-West University, Potchefstroom, South Africa

- Vi;tube + Vo;tube
2

Vave;tube

Convert Units

Jlkg—K

Cpo;tube = 11000 -
kJ/kg—K

' Cpo;tube;kJ\kgK
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Parametric Table: Table 1

Reo ho;tube

[-] [W/m2-K]
Run 1 4000 226,6
Run 2 4778 270,7
Run 3 5556 314,8
Run 4 6333 358,9
Run 5 7111 402,9
Run 6 7889 447
Run 7 8667 491,1
Run 8 9444 535,1
Run 9 10222 579,2
Run 10 11000 623,3

Parametric Table: Table 2

Reghen Pshen

[l [Pa]
Run 1 4000 734,8
Run 2 5111 778
Run 3 6222 821,3
Run 4 7333 864,5
Run 5 8444 907,7
Run 6 9556 950,9
Run 7 10667 994,2
Run 8 11778 1037
Run 9 12889 1081
Run 10 14000 1124
Parametric Table: Table 3

Retube Ptube

[l [Pa]
Run 1 4000 65,12
Run 2 5222 98,45
Run 3 6444 131,8
Run 4 7667 165,1
Run 5 8889 198,5
Run 6 10111 231,8
Run 7 11333 265,1
Run 8 12556 298,5
Run 9 13778 331,8
Run 10 15000 365,1
Parametric Table: Table 4

m e,

[ [%]
Run 1 10 71,09
Run 2 18,89 65,61
Run 3 27,78 63,562
Run 4 36,67 62,43
Run 5 45,56 61,76
Run 6 54,44 61,3
Run 7 63,33 60,97
Run 8 72,22 60,72
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Parametric Table: Table 4

m e
[l [%]

Run 9 81,11 60,53

Run 10 90 60,37

Parametric Table: Validation 1

Mshell Pshen

[kg/s] [Pa]
Run 1 0,003923 9,374
Run 2 0,005988 21,7
Run 3 0,007974 38,48
Run 4 0,01248 94,26
Run 5 0,01773  190,2
Run 6 0,02392  346,3
Run 7 0,03077 573

Parametric Table: Validation 2

Reo ho;tube

[-] [W/m2-K]
Run 1 4000 3,939
Run 2 6000 6,089
Run 3 8000 7,896
Run 4 10000 9,486

Parametric Table: Validation 3

Reghen Pshen
[-] [Pa]

Run 1 4007 20,21
Run 2 5008 29,87
Run 3 6009 41,09
Run 4 7010 53,81
Run 5 8011 67,97
Run 6 9012 83,52
Run 7 10014 100,4
Run 8 11015 118,7
Run 9 12016 138,2
Run 10 13017 158,9

Parametric Table: Validation 4

Retube Ptube Ptube;check
[ [Pal [Pal

Run 1 4013 49,35 12,66
Run 2 5000 72,52 19,65
Run 3 5988 99,59 28,18
Run 4 6975 130,5 38,24
Run 5 7963 165 49,84
Run 6 8950  203,2 62,96
Run 7 9938 245 77,62
Run 8 10925  290,3 93,81
Run 9 11913 339,17 111,5
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Parametric Table: Validation 4

Retube Ptube Ptube;check
[l [Pa] [Pa]
Run 10 12900 391,3 130,8

Parametric Table: Validation 5

Mghen eff

[ka/s] [%]
Run 1 0,5 53,79
Run 2 0,9875 65,74
Run 3 1,475 73,82
Run 4 1,963 80,01
Run 5 2,45 85,02

Parametric Table: Simulation

Ti;shell Ti;tube hi;shell hi;tube have;shell have;tube
K] K] W/m2-K]  [W/m2-K]

Run 1 396,2 353,2 132 371,2 106,7 285,9
Run 2 394,2 354,3 132,3 371 106,8 285,8
Run 3 392,2 355,4 132,6 370,9 107 285,7
Run 4 390,2 356,5 132,9 370,7 107,1 285,6
Run 5 388,2 357,6 133,1 370,5 107,2 285,56
Run 6 386,2 358,7 133,4 370,3 107,4 285,4
Run 7 384,2 359,8 133,6 370,1 107,5 285,3
Run 8 382,2 360,9 133,9 369,9 107,6 285,2
Run 9 380,2 362 134,1 369,7 107,7 285,1
Run 10 378,2 363,2 134,4 369,5 107,8 285
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SOLUTION

Unit Settings: Sl K kPa kJ mass deg

a =24 []

b =18 []

clearance = 0,00495 [m]
CPave,tube = 4,201 [kJ/kg-K]
CPishell kikgk = 4,248 [kJ/kg-K]
CPi tube kikgk = 4,197 [kJ/kg-K]
CPo,shell kikgk = 4,222 [kJ/kg-K]
CPo tube kiikgk = 4,205 [kJ/kg-K]
Cy, =1,362E+06 [W/K]

Cit = 2,000E+06 [R]

Cunin = 1,362E+06 [W/K]
Cpump = 0,00288 [R/Wh]

OT tube = 26,8 [K]

dinet,shen = 0,1701 [m]

di shenr = 0,568 [m]

dosheil = 0.6 [m]

e =2,718 []

enthalpy; ghei = 516,6 [kJ/kg]
enthalpy, sne = 441,6 [kJ/kg]
e, =49,88 [%]

fluidgpey siges = "Steam’

f, =1,37 [-]

fuube = 0,002954 [-]

have,shell = 4554 [W/mz-K]
hisheil = 6602 [W/m?-K]
Po,shell = 2505 [W/mz-K]

i =121 [%]

j =1,88 [R/W]

kave,tube =0,6699 [W/m-K]
Kitube = 0,667 [W/m-K]
ko,tube =0,6728 [W/m-K]

Lb =0,3 [m]

Liube,check = 533875 [m]
Haveshell = 0,0002464 [Pa-s]
upuk = 0,0003215 [Pa-s]

Wi shell = 0,000226 [Pa-s]

o shell = 0,0002668 [Pa-s]
uwar = 0,0002744 [Pa-s]
my=11[]

Miwbe = 71,77 [ka/s]

Mg tupe = 63,78 [kg/s]

Mype = 572,7 [kg/s]

vy = 6297 [-]

Vilam = 3570 [-]

Vi,turb =5187 []

Vo,shell =3477 [1]

ng =11

n, =58 [%]

Ny, =0,8889 [-]

pitch = 0,024 [m]

Pro,tube =1,964 [-]

Ppulkshe = 305,5 [kPa]
I:)i,tube =150 [kPa]

I:)o,tube =135 [kPa]

Piupe = 1,097E+10 [Pa]
Piubei = 2,205E+06 [Pa]
Pwai = 170 [kPa]

q =780 [W/h]

Qmax = 5,858E+07 [W]

Ape = 39,63 [m?]

C =0,386 []

CPave shell = 4,235 [kJ/kg-K]
Cpishel = 4248 [J/kg-K]
CPitwbe = 4197 [J/kgK]
Cpo shell = 4222 [J/kg-K]
CPo tube = 4205 [J/kg-K]
C. =2,403E+06 [WI/K]

¢ = 10000 [R]
Crnax = 2,403E+06 [W/K]
c, =0,86 []

C, =1,500E+06 [R]

de =0,05307 [m]

dinettube = 0,1168 [m]

di tube = 0,0067 [m]

do tube =0,01 [m]

eff = 86,46 [%]

enthalpy; yype = 335,1 [kJ/kg]
enthalpy, ype = 377,1 [kJ/kg]
e, = 49,88 [%]

ﬂUidtube,side$ = 'Water'

fonen = 0,007447 []

G, = 16295 [kg/m2-s]
have,tube =2,358E+07 [W/mz'K]
hitube = 3,712E+07 [W/m2-K]
o tube = 1,003E+07 [W/m?-K]
i, =11 [%]

Kave,shell =0,6809 [W/m-K]
Kishen = 0,6826 [W/m-K]

Ko shel =0,6791 [W/m-K]

| =121,9 []

Liupe = 4,26 [m]

m =0,14 [-]

Have,tube = 0,0003341 [Pa-s]
Hbulk shell = 0,0002363  [Pa-s]
Hitube = 0,0003541 [Pa-s]
Ho tube =0,0003142 [Pa-s]
bwallsheil = 0,00001231 [Pa-s]
M sheil = 46,55 [kg/s]

Mo shell = 54,46 [kg/s]

Mghen = 320,7 [kg/s]
n=11[]

Vio = 2537 []

Vishell = 8629 [-]

Vo,lam = 1735 []

Voturb = 1851 []

np =4 [

ne =442 []

OPPtime = 20 [yr]

Pritube = 2,228 [-]

Pouk = 138 [kPa]

P shell = 306 [kPa]

I:)o,shell =305 [kPa]

Pshen = 1,129E+06 [Pa]
Ptubes = 424956 [Pa]

Piubeo = 72399 [Pa]
Puwall,she = 30 [kPa]

Q,, =24050 [KW]

Qoue = 24050 [KW]
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Qgher = 2,413E+07 [W]
Re; = 1,942E+06 []
Reghen = 3,242E+06 [-]
pave,shell = 947.6 [kg/m?]
Pishell = 940,7 [kg/m?]
Posshell = 954.6 [kg/m?]
RUNggg = 'True'
RUNpeats = "True'

R, = 0,5668 []

S, = 0,024 [m]

Sm = 0,03515 [m?]
tubey,, = 0,00165 [m]
Thulkshenl = 391,2 [K]
Titube = 353,2 [K]
To,tube =363,2 [K]
Twall,she = 373,2 [K]
Upype = 290,7 [W/mz-K]
Vitupe = 3,643E-07 [m2/s]
Wave,shell = 34 [M/s]
Wighe = 15 [m/s]

Wo shell = 93 [m/s]

x =1,172[-]

z = 130000 [-]

No unit problems were detected.

Qupe = 2,403E+07 [W]
Re, = 589864 [-]

Rewpe = 1,309E+08 [-]
Pave,tube = 968,6 [kg/m?3]
Pitube = 971.8 [kg/m?]
Potube = 965,3 [kg/m?]
RUNggg = "True'
RUNpgrgg = "True'
shelly,, =0,016 [m]

S, = 0,018 [m]

tt =7300 [h/yr]

Thuk =361,2 [K]

Ti shen = 396,2 [K]
To,shell = 378,4 [K]

Twall = 375] [K]

Ughen = 21,57 [W/m2-K]
Vave tube = 3,449E-07 [m2/3]
Vo, tube = 3,255E-07 [m2/3]
Wave tube = 32,5 [M/s]
Wi tube = 95 [m/s]

Wo,tube = 10 [m/s]

y =0,8182 [-]
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SOLUTION

Unit Settings: Sl K kPa kJ mass deg
Aghell =0,03142 [m?]
clearance = 0,005 [m]

CPave tube = 3:05 [kJ/kg-K]
Cpibe =4,194 [kJ/kg-K]
CPoshell = 1004 [J/kg-K]
CPo tube = 1907 [J/kg-K]

¢, =0,86 [1]

dh tupe = 0,015 [m]

diniet upe = 0,015 [m]

ditube = 0,015 [m]

dotube = 0,017 [m]
ﬂUidtube,side$ = 'Water'

fiupe = 0,07769 [-]

Kave,sheil = 0,02412 [W/m-K]
Ki shen = 0,02401 [W/m-K]
Koshel = 0,02423 [W/m-K]
L, = 0,125 [m]

m =0,14 [-]

ave tube = 0,0002747 [Pa-s]
Upulk shell = 0,00001754 [Pa-s]
Uitube = 0,0005379 [Pa-s]
lotube = 0,0000114 [Pa-s]
Hwall,sheil = 0,0003545 [Pa-s]
M;wbe = 0,7605 [kg/s]

Mo tupe = 0,3803 [kg/s]
Mype = 0,03435 [kg/s]

ng =37 [-]

Pishen = 150 [kPa]

Poshell = 85 [kPa]

Pshell =0,06409 [Pa]
Pyubes = 0,0001599 [Pa]
Pubeo = 0,0004679 [Pa]
Re, = 10000 [-]

Retube =2736 [

Pave tube = 485,9 [kg/m?]
Pitube = 971.8 [kg/m?]
Poube = 0,06239 [kg/m?]
RUNggg = 'False’

RUNpggg = "True'

SPheat ratio,tube = 1 [-]

Sm = 0,003125 [m?]

Titube = 324,1 [K]

To,tube =348 [K]

Viube = 5,447E-07 [m2s]
Wi ghent = 0,002622 [m/s]

Wo shell = 0,1204 [m/s]

x =0,04948 [

No unit problems were detected.

b =1,176 [-]

CPave,shel = 1,005 [kJ/kg-K]
Cpishenr = 1,006 [kJ/kg-K]
CPi tube,calc = 4,182 [kJ/kg-K]
CPo shell kikgk = 1,004 [kJ/kg-K]
CPo tube kiikgk = 1,907 [kJ/kg-K]
de =0,008764 [m]

dinietsheil = 0,1 [m]

dishen = 0,1 [m]

doshent = 0,2 [m]

fluidghe) siges = "Alr"

fshen =0,03678 [-]

G = 10,99 [kg/m?-s]
kave,tube =0,3392 [W/m-K]
Kiupe = 0,6562 [W/m-K]
ko,tube =0,02216 [W/m-K]
Liupe = 0,5 [m]

Have shell = 0,00001903 [Pa-s]
upuik = 0,00001754 [Pa-s]
wi.shell = 0,00002038 [Pa-s]
Ho,shell =0,00001767 [Pa-s]
uwar = 0,0003545 [Pa-s]

M shetl = 0,00997 [kg/s]

Mg shell = 0,003986 [kg/s]
Mghey = 0,00002613 [kg/s]
np =4 [

pitch = 0,02 [m]

Pitupe = 101,3 [kPa]

Po.tupe = 10 [kPa]

Ptube = 1,018 [Pa]

Piube,i = 29,15 [Pa]

Re; =4000 []

Reghen = 9450 [-]

Pave,shell = 1,161 [kg/m3]
pishell = 1,269 [kg/m?]
poshell = 1,054 [kg/m?]
RUNggg = 'False’
RUNpea7s = 'False’
SPheat,ratio,shell = 1.4 [-]

s, =0,02 [m]

Tisheil =340 [K]

To,shell =281 [K]

Vave.ube = 0,00009163 [m2/s]
Vo,tube = 0,0001827 [m2/s]
Wi tube = 0,2 [m/s]

Wotube = 0,1 [m/s]

z =11[]
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SOLUTION

Unit Settings: Sl K kPa kJ mass deg

a =1176 [
b =1,176 [-]

clearance = 0,005 [m]
Cpishenr = 1,006 [kJ/kg-K]
CPoshell = 1004 [J/kg-K]
CPo tube = 1907 [J/kg-K]
Cp = 0,86 []

dintetshell = 0,1 [M]

dishen = 0,1 [m]

do shen =0,2 [m]

fluidgpey siges = "Air’

f, = 1,567 [-]

Nave tube = 1116 [W/mz-K]
Nitube = 2231 [W/mz-K]
Notube = 0,9299 [W/mz-K]
kave,tube =0,3392 [W/m-K]
Ki e = 0,6562 [W/m-K]
ko,tube =0,02216 [W/m-K]
Liupe = 0,5 [m]

Have shell = 0,00001903 [Pa-s]
upuik = 0,00001754 [Pa-s]
wishell = 0,00002038 [Pa-s]
Ho,shell =0,00001767 [Pa-s]
uwar = 0,0003545 [Pa-s]
Mave,shell = 0,006978 [kg/s]
M shetl = 0,00997 [kg/s]
Mg shell = 0,003986 [kg/s]

n =0,492 [-]

vio = 6,887 [-]

Vishell = 893,1[-]

Vo am = 6,957 []

Vo,turb = 0,6271 [-]

ng =37 [-]

Pritbe = 3,438 []

Pishen = 190 [kPa]

Po.shenl = 85 [kPa]

Re; = 20002 [

Reghen = 8000 [-]

paveshell = 1,161 [kg/m?]
pishell = 1,269 [kg/m?]
poshell = 1,054 [kg/m?]
RUNggg = 'False’
RUNpeats = "True'
SPheat,ratio,shell = 1.4 [-]

sy =0,02 [m]

Tisheil =340 [K]

To,shell =281 [K]

Ughen = 0,2882 [W/m?2-K]
Vavetube = 0,00009163 [m?/s]
Vo,tube = 0,0001827 [m2/s]
Wi tube = 0,2 [m/s]

Wotube = 0,1 [m/s]

No unit problems were detected.

Aghen =0,03142 [m?]

C =0,386 [-]

CPave,shell = 1,005 [kJ/kg-K]
Cpi,tube =4194 [J/kg-K]
CPo shell kokgk = 1,004 [kJ/kg-K]
CPo tube kiikgk = 1,907 [kJ/kg-K]
Ahtupe = 0,015 [m]

dintetupe = 0,015 [m]

di,tube =0,015 [m]

do,tube =0,017 [m]

fluidype sides = 'Water'

Nave shell = 68,67 [W/mz-K]
hisheir = 136,5 [W/m*K]
ho,shell =0,8321 [W/mz'K]
Kave,sheil = 0,02412 [W/m-K]
Ki sheil = 0,02401 [W/m-K]
Ko.shel = 0,02423 [W/m-K]
L, =0,125[m]

m = 0,14 [-]

Have,tube = 0,0002747 [Pa-s]
Houlk,shenl = 0,00001754 [Pa-s]
Uitube = 0,0005379 [Pa-s]
Uotupe = 0,0000114 [Pa-s]
Hwallshell = 0,0003545 [Pa-s]
Mave tube = 0,5704 [kg/s]
M;wbe = 0,7605 [kg/s]

Mo tupe = 0,3803 [kg/s]

vii = 570,1 []

Vilam = 559,2 []

Viturb = 109,3 [-]

Vo,shell = 10,79 []

N, =4 [

pitch = 0,02 [m]

Pro,tube =0,9809 []

Piwbe = 101,3 [kPa]

Po.tupe = 10 [kPa]

Re, = 33,79 [-]

Retube = 8000 [']

Pave tube = 485,9 [kg/m?]
Pitube =971.8 [kg/m?]
Poube = 0,06239 [kg/m?]
RUNggg = 'False’

RUNpgrgg = 'False'
SPheat,ratio tube = 1 []

s, =0,02 [m]

Titube = 324,1 [K]

Totube =348 [K]

Unpe = 0,9671 [W/mP-K]
Viwbe = 9.447E-07 [m2/s]
Wishell = 0,002622 [m/s]

Wo shell = 0,1204 [m/s]

y =0,4325 [-]
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SOLUTION

Unit Settings: Sl K kPa kJ mass deg

Aghen = 0,03142 [m?]
clearance = 0,005 [m]
CPjtube = 4,194 [kJ/kg-K]
CPoshell = 1004 [J/kg-K]
CPo tube = 1907 [J/kg-K]

¢, =0,86 [1]

dhtuve = 0,015 [m]

dintet tube = 0,015 [m]

ditube = 0,015 [m]

dotube = 0,017 [m]
ﬂUidtube,side$ = 'Water'

fiupe = 0,07769 [-]

Kave,sheil = 0,02412 [W/m-K]
Ki shen = 0,02401 [W/m-K]
Koshel = 0,02423 [W/m-K]
L, = 0,125 [m]

m =0,14 [-]

ave tube = 0,0002747 [Pa-s]
Hbulk shell = 0,00001754 [Pa-s]
Witube = 0,0005379 [Pa-s]
toube = 0,0000114 [Pa-s]
Hwall,sheil = 0,0003545 [Pa-s]
Mave tube = 0,5704 [kg/s]
M;wbe = 0,7605 [kg/s]

Mo tupe = 0,3803 [kg/s]
Mype = 0,03435 [kg/s]

ng =37 [-]

Pishen = 150 [kPa]

Poshell = 85 [kPa]

Psher =0,2309 [Pa]

Pybes = 0,0001599 [Pa]
Pubeo = 0,0004679 [Pa]
Re, = 10000 []

Retube =273,6 [-]

Pave tube = 485,9 [kg/m?]
Pitube = 971.8 [kg/m?]
Poube = 0,06239 [kg/m?]
RUNggg = 'False’

RUNpggg = "True'

SPheat ratio,tube = 1 [-]

Sm = 0,003125 [m?]

Titube = 324,1 [K]

To,tube =348 [K]

Viube = 5,447E-07 [m2/s]
Wishe = 0,2189 [m/s]

Wo shell = 0,2285 [m/s]

x =0,04948 []

No unit problems were detected.

b =1,176 [-]

CPjshell = 1,006 [kJ/kg-K]

CPj tube,cale = 4,182 [kJ/kg-K]
Cpo shell kikgk = 1,004 [kJ/kg-K]
CPo tube kiikgk = 1,907 [kJ/kg-K]
de =0,008764 [m]

dinietsheil = 0,1 [mM]

dishen = 0,1 [m]

doshent = 0,2 [m]

fluidgpey siges = "Air’

fshen =0,03678 [-]

G, = 10,99 [kg/m?-s]
kave,tube =0,3392 [W/m-K]
Ki e = 0,6562 [W/m-K]
ko,tube =0,02216 [W/m-K]
Liupe = 0,5 [m]

Have shell = 0,00001903 [Pa-s]
upuik = 0,00001754 [Pa-s]
Wi shell = 0,00002038 [Pa-s]
Ho,shell =0,00001767 [Pa-s]
uwar = 0,0003545 [Pa-s]
Mave,shell = 0,006978 [kg/s]
M shetl = 0,00997 [kg/s]

Mg shell = 0,003986 [kg/s]
Mgne = 0,002182 [kg/s]

np =4 [

pitch = 0,02 [m]

Pitupe = 101,3 [kPa]

Po.tupe = 10 [kPa]

Ptube = 1,018 [Pa]

Piube,i = 29,15 [Pa]

Re; =4000 []

Regpenr = 5450 [1]

paveshell = 1,161 [kg/m?]
pishell = 1,269 [kg/m?]
poshell = 1,054 [kg/m?]
RUNggg = 'False’
RUNpea7s = 'False’
SPheat,ratio,shell = 1.4 [-]

s, =0,02 [m]

Tisheil =340 [K]

To,shell =281 [K]

Vavetube = 0,00009163 [m?/s]
Vo,tube = 0,0001827 [m2/s]
Wi tube = 0,2 [m/s]

Wotube = 0,1 [m/s]

z =11[]
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SOLUTION

Unit Settings: Sl K kPa kJ mass deg

Aghen =0,03142 [m?]
clearance = 0,005 [m]
CPitube = 4,194 [kJ/kg-K]
CPoshell = 1004 [J/kg-K]
CPo,tube = 1907 [J/kg-K]

cp, =0,86 []

dh tupe = 0,015 [m]
dinlettue = 0,015 [m]

ditube = 0,015 [m]

dotube = 0,017 [m]

fluidype sides = 'Water'

fiupe = 491642 [-]

kave,shell =0,02412 [W/m-K]
Ki shen = 0,02401 [W/m-K]
Koshe =0,02423 [W/m-K]
L, =0,125[m]

m =0,14 []

Have,tube = 0,0002747 [Pa-s]
Ubulk shell = 0,00001754 [Pa-s]
Witube = 0,0005379 [Pa-s]
Hotube =0,0000114 [Pa-s]
Hwallshell = 0,0003545 [Pa-s]
Mave tube = 0,5704 [kg/s]
M;wbe = 0,7605 [kg/s]

Mo tupe = 0,3803 [kg/s]
Mybe =0 [kg/s]

ng =37 [-]

Pishen = 150 [kPa]

Poshell = 85 [kPa]

Psher =0 [Pa]

Piubes = 0 [Pa]

Piubeo =0 [Pa]

Re, = 10000 [-]

Reype =-1,707E-25 [-]
Pave,tube = 485,9 [kg/m?3]
Pitube = 971.8 [kg/m?]
Poube = 0,06239 [kg/m?]
RUNggg = 'False’

RUNpggg = "True'
SPheat,ratio tube = 1 [-]

Sy = 0,003125 [m?]

Titube = 324,1 [K]

To,tube =348 [K]

Wave shell = 2,758E-17 [m/s]
Wi shell = 2,699E-17 [m/s]
W shell = 2,818E-17 [m/s]
x =0,04948 [-]

No unit problems were detected.

b =1,176 [-]

CPjshell = 1,006 [kJ/kg-K]

CPj tube,cale = 4,182 [kJ/kg-K]
Cpo shell kikgk = 1,004 [kJ/kg-K]
CPo tube kiikgk = 1,907 [kJ/kg-K]
de =0,008764 [m]

dinietsheil = 0,1 [mM]

dishen = 0,1 [m]

doshent = 0,2 [m]

fluidgpey siges = "Air’

fshen =349 [-]

G = 1,355E-15 [kg/m?2-s]
kave,tube =0,3392 [W/m-K]
Ki e = 0,6562 [W/m-K]
ko,tube =0,02216 [W/m-K]
Liupe = 0,5 [m]

Have shell = 0,00001903 [Pa-s]
upuik = 0,00001754 [Pa-s]
Wi shell = 0,00002038 [Pa-s]
Ho,shell =0,00001767 [Pa-s]
uwar = 0,0003545 [Pa-s]
Mave,shell = 0,006978 [kg/s]
M shetl = 0,00997 [kg/s]

Mg shell = 0,003986 [kg/s]
Mghen = 2,690E-19 [kg/s]

np =4 [

pitch = 0,02 [m]

Pitupe = 101,3 [kPa]

Po.tupe = 10 [kPa]

Piupe = 0 [Pa]

Ptube,i = 0 [Pa]

Re; =4000 []

Reghe = 6,721E-13 [
paveshell = 1,161 [kg/m?]
pishell = 1,269 [kg/m?]
poshell = 1,054 [kg/m?]
RUNggg = 'False’
RUNpea7s = 'False’
SPheat,ratio,shell = 1.4 [-]

s, =0,02 [m]

Tisheil =340 [K]

To,shell =281 [K]

Vo,tube = 0,0001827 [m2/s]
Wave tube = 0 [M/s]

Wi tupe = 0 [M/s]

Wo e = -1,109E-28 [m/s]
z =11[]
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SOLUTION

Unit Settings: Sl K kPa kJ mass deg

a =1,25 []

b =15 []

Cpishen = 4178 [J/kg-K]
CPo,tube = 4180 [J/kg-K]
C. =6269 [W/K]

Cmax = 6269 [WI/K]
8T,tube = 8,208 [K]

i ube = 0,0254 [m]
dotube = 0,0257 [m]

eff = 98,52 [%)]

e, =-1,092 [%]
fIUidtube,side$ ='Water'
have,shell = 3,156E+09 [W/mz'K]
hi sheil = 6,312E+09 [W/m?-K]
Noshell = 4547 [W/m?2-K]
kave,shell = 0,628 [W/m-K]
Kishen = 0,624 [W/m-K]
Ko shel = 0,632 [W/m-K]

| =0,57 []

Ltube,check = 21,92 [m]

Wi shell = 698 [Pa-s]
Ho,tube =0,0007758 [Pa-s]
Mshen = 1,5 [kg/s]

n =0,492 [-]

Vio = 1224 []

Vishell = 2,493E+09 [-]
Volam = 1207 [-]

Voturb = 200,7 [-]

N, =22 []

Ny, =0,2126 [-]

Pro,tube =5,281 [']

P tube = 100,3 [kPa]
Potube = 103,7 [kPa]
Qghenr = 9276 [W]

Re; =76696 [-]

Pishell = 994,8 [kg/m?]
RUNggg = 'False’
RUNpeats = "True'

R; =0,9998 [-]

Titube = 303,6 [K]

To,tube = 304.4 [K]

Utube = 1221 [W/mz-K]
Viwbe = 7,.940E-07 [m2/s]
Wave tube = 0,665 [m/s]
Wo tube = 0,443 [m/s]

No unit problems were detected.

Aype = 1,915 [m2]

C =0,386 []

CPiwbe = 4179 [J/kg-K]
CPo tube kiikgk = 4,18 [kJ/kg-K]
Cy, =6268 [WIK]

Chin =6268 [W/K]
disheil = 0,1544 [m]
do,shenr = 0,1564 [m]

e =2,718 ]

ey =17,43 [%]

fluidghe) siges = 'Water'

f, = 1,444 []

Nave,tube = 2,081E+09 [W/m2-K]
hitube = 4,162E+09 [W/m2-K]
hotube = 2964 [W/mz-K]
kave,tube = 0,615 [W/m-K]
Kitube = 0,616 [W/m-K]
ko,tube = 0,614 [W/m-K]
Liupe =2 [M]

Uave tube = 393 [Pa-s]
Uitube = 786 [Pa-s]
my=1[]

Mype = 1,5 [kg/s]

vii = 1,698E+09 [-]
Vijam = 1,698E+09 [-]
Viturb = 377,2[-]

Vo,shell = 1768 [-]

ng =1 [

ny =12 [-]

Pri upe = 5,332E+06 [-]
Pishen = 100,3 [kPa]
Poshen = 115,5 [kPa]
Quax = 59228 [W]

Qtube =5579 [W]

Re, = 39480 []

Pitube = 996,1 [kg/m?]
RUNggg = "True'
RUNpgrgg = 'False'

Tishen = 313 [K]

To,shell =311,5 [K]

Ushet = 297,5 [W/m?-K]
Vave tube = 7,868E-07 [m2/s]
Vo, tube = 7,795E-07 [m2/s]
Wi tupe = 0,887 [m/s]

y =05811 []
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Main

RUNggg = 'True'

RUNpears = 'True'

RUNpgrgg = 'True'

RUNggg = 'True'

fluidypesiges = 'Water'
fluidghensiges = 'Steam’

Tiwe = (80 + 273,15)- 1 [K]
Towbe = (93 + 273,15) - 1 [K]
Piuwe = 150 [kPa]

Powse = 135 [kPa]

P = 0,16 [m]

diwe = 0,01575 [m]

dotwwe = 0,01905 [m]
doutiettube = 0,2762 [m]

dinlet;tube = 0,1168 [m]

a = 0,007 [m]
b = 0,035 [m]

a
ASpeCtratio = —

Tisnen = (123 +273,15) - 1 [K]
Pishen = 306 [kPa]

Poshen = 305 [kPa]

Vishe = 15 [m/s]

Voshe = 13 [m/s]

Vitwbe = 55 [m/s]

Votube = 20 [m/s]

H = 4,26 [m]

dosher = 0,6 [m]

doutietshen = 0,0907 [m]

dintetshen = 0,1707 [m]



File:Twisted tube calculation.EES 2026/02/17 11:10:50 Page 2
EES Ver. 12.053: #2413: Mechanical & Nuclear Engineering, North-West University, Potchefstroom, South Africa

shelly, = 0,006 [m]
tubey = Goube = ditube
2
dishel = doshel — 2 ° Shelly,
2
dinjet:
Mghell = Pishell * Vishell * T ° '”'etShe”}
2
d. 2
Mupe = Poture * Votupe ~ T ° mlet’She”}
2
ne = 442 []
ne = 1 [%]

g = 9,81 [m/s?]
d = 1,468 [m]
Cy¢ = 2,x10° [R]
c; = 10000 [R]

i = 11 [%]
OPPiime = 20 [yr]
C. = 1,5x10° [R]
n=1F]

Noump = 58 [%]
Coump = 0,00288 [R/Wh]
tt = 7300 [h/yr]

i = 1,88 [RIW]

q = 780 [W/h]
c = 4,7x10% []
e = 2,718 []
1
R = tube
w
1
I(i;tube '
Atube

R, = 0,0002 [m2-K/W]
Pitube = P(ﬂUidtUbe;side$ ; T= Ti;tube; P= Pi;tube)

Pojtube = P(ﬂUidtUbe;side$ ; T= To;tube; P= Po;tube )
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Witbe = Visc (ﬂUidtube;side$ s T=Titwe: P = Pi;tube)

Hogube = Visc (ﬂUidtube;side$ y T = Totubes P = Potube )

Kiwe = K (fluidypesices 5 T = Tigupe; P = Pi;tube)

Kowre = K (lUidypesiges ; T= Totube s P = Postue )

CPiubeskikgk = CP (f|Uidtube;side$ 7 T=Tiwe: P= Pi;tube)

CPotubeskikgk = CP (ﬂUidtube;side$ v T = Tonubes P = Potube )
Pishell = P(ﬂUidsheII;side$ 3 T= Tighen; P = Pi;shell)

Poshell = P(ﬂUidsheII;side$ s T= Toshens P = Poghen )

Wishet = Visc (ﬂUidsheII;side$ y T = Tighens P = Pi;shell)

ViSC (ﬂUidsheII;side$ ; T = To;shell; P = Po;shell )

Ho;shell
Kisne = K (fluidsneiisices 5 T = Tisneni; P = Pishen)

Koot = K (fluidgnensides 5 T = Toshens P = Poshen )
CPishelikikgk = CP (fluidsnerisices 3 T = Tisens P = Pishen)

Cpo;shell;kJ\kgK = Cp (ﬂUidshell;sideﬁi ; T= To;shell; P= Po;shell )

J/kg—K

Cpi;tube = 1000 - 9 ) Cpi;tube;kJ\kgK
kd/kg—K
J/kg—K

Cpo;tube = 1000 - 9 ) Cpo;tube;kJ\kgK
kJ/kg—K
J/kg—-K

CPishen = | 1000 - 9 " CPishellkJikgk
kJ/kg—K
~ Jlkg-K

Cposhen = | 1000 - ook " CPoshellkikgk  $insertTab Twi  insertTab Twi  insertTab Twi  nsertTab Twis

g_

Twisted Tube Calculation
"Twisted Tube Calculation”
Sinser

"Twisted

"Twisted Tube

Heat Transfer Coefficient

m-a-b

dh;tube =4 -
2-n-a+4-(b-a)

Perimetery,e = 2 -n-a+4-(b—-a)
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Pitube "~ Vitube di;tube

Rei;tube =
Hi;tube

This section is not calculated for validation 1

R _ Potube " Voitube ° di;tube
eo;tube

Ho;tube

End of section

- Wijtube -~ Cpi;tube

I:)ri;tube
ki;tube
_  MHojtube * Cpo;tube
I:)ro;tube - -
ko;tube
0,082 0,33
1 P ' b~
fi;tube = 9,461 : ° _
0,521
Rei;tube dh;tube a
0,082 0,33
1 P b
fouve = 9,461 - : o
0,521
Reo;tube dh;tube a
0,8
0,5 1 0,59 0,165
Rejupe 033  |b|” dhtupe | Kitube 08
hi;tube = 0034 - | "™ ) I:)ri;tube ol ) ' ) ' " Vitube
Vi;tube a P dh;tube
0,8
0,5 1™ 0,59 0,165
Reqwpe 0,33 b " dhitube | Ko:tube 0.8
ho;tube = 0,034 - | > ) Pro;tube — ) ' ) ' " Vitube
Vo;tube a P dh;tube

— hi;tube + ho;tube

have;tube -
2
Prisr = Uishell  * CPishell
ki;shell
Pro;sheu - Ho;shell -~ Cpo;shell
ko;shell
Fr, = Visshell
(g -d)**
Frmo = Vo;shell
(g-d)
dhshet = dignell
2
Aci - T dh;shell ) nt . 1 [%]
4 - np
2
Aco - T dh;shell ) nt . 1 [%]
4 -n

p
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Gsi = pishel * Vishell
Gs;o = Poshell  * Voshell
Re, = Mghel * Ahishel
Aci * UWishell
Re, = Mghell * Ahishel
Aco " Ho;shell
0,082 0,33
fi = 4572 - L [dh;she”} e
Rei0,521 P a
0,082 0,33
fo = 4’572 ) 1 . {dh;shell} E
ReOO,521 P a
fi* pishel * Visner” - H
delthap;i;she” _ i Pi;shell i:shell
2 - dh;shell
fo - Y 2. H
delthap;o;sheu _ o Po;shell o;shell
2 - dh;shell
0,8
0,2379 - "““’G} Priga®® I N S
Wisshell From 04347 (3,6 - Fry )0'357
hi;sheII
dh;tube
0,8
0,2379 - "“”’G} * Prognel ! IS N P
_ Loshell Frmo 0,4347 (3,6 i Frmo )0,357
ho;shell -
dh;tube
h - hi;sheII + ho;shell
ave;shell _—
2
u = !
! + ! + R, + R;

h i;tube ho;tube

Pressure Drop

This section is not calculated for validation 3

R _ Potube " Votube - dh;tube
Cube =

Ho;tube
End of section

fo = 0,143 - Reype

This section is not calculated for validation 2

R _ Poshell " Voshell © dh;shell
Cshell =

Ho;shell
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End of section

f, = 0,143 - Reg '

2
- ft - H- Postube * Vo;tube
Ptube -
2 dh;tube
2
fs “H- Po;shell  * Voshell
Pshell
2- dh;shell

Effectiveness

Ch = Mghen * CPishel
Cc = Mube * CPotube
Cmin = Min(Cy; C,)
Crmax = Max(Cy; C)

Cmin
Cmax

Atube =n-H- dh;tube

U - Awbe
Cmin

m = poshell - Aci " Vishell
Qmax = ‘Cmin ) (Ti;shell - Ti;tube)‘

Qtube = ‘Cc : (To;tube - Ti;tube)‘

Qehel = ‘Ch ’ (Ti;shell - To;shell)‘
s
tanh | N . [q 4 M "R, n}
2 k
off = 1 [kg's] - 100 [%]
W
Ntu 11+ m . ch L
2 1 [kg/s]

— To;shell - To;tube - (Ti;shell - Ti;tube)
6T;tube =
To;shell - To;tube}

Ti;shell - Ti;tube

In

Qtube

U - Perimeterype © 8T:tube

Ltube;check

Energy Balance
enthalpyighen = h (Steam ; T = Tishen; P = Pi;shell)

enthalpyo;shell = h (Steam ; T= To;shell; P= IDo;shell )
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enthalpyiwe = h (Water; T = Tiue; P = Piiube )

enthalpy,uee = h (Water; T=Toupe: P = Potupe )

Qi = Qout

Q, = ‘mshell ) (enthalpyi;sheu - enthalpyo;shell) |

Qout = ‘mtube : (enthalpyo;tube - enthalpyi;tube)‘

Twisted Tube Inputs

Twisted Tube Petrochemical Inputs
RUNggg = 'True'

RUNpears = 'True'

RUNpgrgg = 'True’

RUNEB$ = "True'

fluidypesiges = 'Water'
fIUidshell;side$ = ISteaml
Variables

Tiwe = (80 + 273,15)- 1 [K]

Towbe = (93 + 273,15) - 1 [K]

Piuwe = 150 [kPa]

Powse = 135 [kPa]

P = 0,16 [m]

dite = 0,01575 [m]

dotwwe = 0,01905 [m]

doutiettube = 0,2762 [m] 10 #150 Nozzle

dinettre = 0,1168 [m] 4 #150 Nozzle

a = 0,007 [m]
b = 0,035 [m]

a
ASpeCtratio = —

Tisnen = (123 +273,15) - 1 [K]

Pisher = 306 [kPa]
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Poshen = 305 [kPa]

Vishe = 15 [m/s]

Voshe = 13 [m/s]

Viwbe = 55 [m/s]

Vowpbe = 20 [m/s]

H = 4,26 [m]

dosher = 0,6 [m]

doutietshe = 0,0907 [m] 3 #150 Nozzle
dinetsher = 0,1707 [m] 6 #150 Nozzle
shelly, = 0,006 [m]

do;tube - di;tube

tubey, =
2
dishel = doshel — 2 ° Shelly,
d. 2
Mghell = Pishell * Vishell * T ° 'r"etShew
2
d. 2
Mupe = Poiture * Votupe ~ T ° mlet;She”}
2
ne = 442 [
ny = 1 [%]
g = 981 [m/s?
d = 1,468 [m]

Cy¢ = 2,x10° [R]

c; = 10000 [R]

i= 11 [%]

OpPime = 20 [yr]

C. = 1,5x10° [R]
n=1F[]

Noump = 58 [%]

Coump = 0,00288 [R/Wh]
tt = 7300 [hiyr]

j = 1,88 [RIW]
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q = 780 [W/h]
c = 4,7x10% []
e = 2,718 []

1
R = tube
w

1
I(i;tube
Atube

R; = 0,0002 [m2-K/W]

P(ﬂUidtube;side$ ; T= Ti;tube; P= Pi;tube)

Pitube =
Pojtube = P(ﬂUidtube;side$ ; T= To;tube; P= Po;tube )
Histube = ViSC (ﬂUidtube;side$ ; T = Ti;tube; P = Pi;tube)

Ho;tube = ViSC (ﬂUidtube;side$ ; T = To;tube; P = Po;tube )
ki;tube = k (ﬂUidtube;side$ ; T= Ti;tube; P= Pi;tube)
ko;tube = k (ﬂUidtube;side$ ; T= To;tube; P= Po;tube )

CPiubeskikgk = CP (ﬂmdtube;side$ 7 T=Tiwe: P= Pi;tube)

CPotubeskikgk = CP (ﬂmdtube;side$ 7 T= Tomuwes P = Pouse )
Pishell = P(ﬂUidsheII;side$ 3 T= Tishen; P = Pi;shell)

Poshell = P(ﬂUidsheII;side$ 3 T= Toshens P = Poghen )

Wishet = Visc (ﬂUidsheII;side$ y T = Tighens P = Pi;shell)

ViSC (ﬂUidsheII;side$ ; T = To;shell; P = Po;shell )

Ho;shell
Kishe = K (fluidsneiisices 3 T = Tisheni; P = Pishen)

Kosner = K (fluidgnensides 5 T = Toshens P = Posnen )
CPishelkikgk = CP (ﬂUidshell;side$ y T=Tishens P= Pi;shell)
CPoshellkikgk = CP (ﬂUidshell;side$ s T=Tosnens P = Poshen )

Convert Units

J/kg—K

Cpiwpe = |1000 - 9 " CPj:tube;kJ\kgk
kd/kg-K
J/kg—K

Cpo;tube = /1000 - 9 " CPo;tube;kikgk
kd/kg-K
Jlkg-K

Cpi;shell = 1000 - 9 ) Cpi;shell;kJ\kgK

kJ/kg—K
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Jikg—K
kJ/kg—K

Cpo;shell = | 1000 -

" CPo;shell;kJikgK

Vi

Twisted Tube Validation 1

Tube Side Heat Transfer Coefficient vs. Tube Side Reynolds Number
RUNggg = 'False’

RUNpears = 'True'

RUNpgregg = 'False’

RUNggg = 'False’

fluidypesiges = 'Water'
fluidghensiges = 'Steam’
Variables

P = 0,192 [m]

pitch = 0,02778 [m]
dotwe = 0,02049 [m]
tubeyx = 0,001734 [m]
Qiwve = dotube — 2 ° itube
a = 0,0198 [m]

b = 94 [m]

Lube = 9,926 [m]

H = 9,926 [m]

Awe = 10170,8 [m?]

1
tube

1

Ry =

I(i;tube '

Atube
R; = 0,0002 [m2%-K/W]
g = 9,81 [m/s?]
d = doshen
ng = 1591 [-]

do;shell = 01203 [m]
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dishen = 0,12 [m]

n, = 1 [%]

Tiwe = (30 +273,15) - 1 [K]

Towbe = (53,1 +273,15) - 1 [K]

Piwe = 115 [kPa]

Powbe = 85 [kPa]

piwbe = 1160 [kg/m?]

Potube = P(ﬂUidtUbe;side$ 7 T= Tombes P = Poube )
Kitwbe = 0,21 [W/m-K]

Kowre = K (lUidypesiges ; T= Totube; P = Postue )
Hitube = Visc (ﬂUidtube;side$ 7 T= Tiwpe; P = Pi;tube)
Hogube = Visc (ﬂUidtube;side$ y T = Totubes P = Potube )
CPiwbe = 1920 [J/kg-K]

CPobekikgk = CP (f|Uidtube;side$ 7 T=Touwes P = Poube )
Tisnen = (89,2 +273,15) - 1 [K]

Toshen = (80 +273,15) - 1 [K]

Pishen = 120 [kPa]

Poshet = 85 [kPa]

Kishet = 670 [W/m-K]

ko;sheII = k (ﬂUidshell;side$ ; T= To;shell; P= IDo;shell )

pishel = 971,8 [kg/m?]
Posshell = P(ﬂUidsheII;side$ ;T = To;shell; P= Po;shell )
pishet = 0,236 [Pa-s]

Hosshell Visc (fluidgnerrsiges 5 T = Toshels P = Poshen )
CPishen = 4196,3 [J/kg-K]

CPoshelikikgk = CP (fluidshesiges 5 T = Toshens P = Posshen )
Vishen = 0,085 [m/s]

Voshel = 0,05 [m/s]

Viwbe = 1,26 [m/s]

Vowve = 1,15 [m/s]
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Mgre = 1,88 [kg/s]
Mype = 1,57 [kg/s]

Convert Units

J/kg-K

Cpo;tube = 1000 - 9 ' Cpo;tube;kJ\kgK
kJ/kg—K
JIkg-K

Cpo;shell = 11000 - g ' Cpo;shell;kJ\kgK
kJ/kg—K

TT V2

Twisted Tube Validation 2

Shell Side Pressure Drop vs. Shell Side Reynolds Number
RUNggg = 'False’

RUNpears = 'False’

RUNpgrgg = 'True’

RUNggs = 'False'’

fluidypesiges = 'Water'
ﬂuidsheu;side$ = 'Steam'
Variables

dowbe = 0,019 [m]

a = 0,235 [m]— 2 - tubey,
b = 0,135 [m]—- 2 - tubey
Lube = 1.5 [m]

H = 1,5 [m]

tubey, = 0,0015 [m]

n = 7 [

doshen = 80 [m]

Viwe = 3 [m/s]

Voube = 2 [mM/s]

Ti;tube = (17 + 273,15)' 1 [K]

To;tube (23 + 273,15) -1 [K]

Po;tube 30 [kPa]
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m-a-b

dh;tube =4
2-n-a+4-(b-a)

Hotube = Visc (ﬂUidtube;side$ 7 T=Totupe; P= Po;tube)

Potube = P(ﬂUidtube;side$ 7 T=Totupe; P= Po;tube)

pusnet = —0.676 (KG/M]* Ty © |+ 885,243 [kg/m]
1 K]

pasral = ~0,676 [kg/m’] Togpay * |+ 885,243 [kg/m]
1 [K]

Poshet = 15 [kPa]

Vishe = 1,4 [m/s]

Voshe = 0,9 [m/s]

Tishet = (60 +273,15) - 1 [K]

Toshen = (50 +273,15) - 1 [K]

dhishel = dogshel

Hoshel = Visc (ﬂUidsheII;side$ s T=Toshans P= Po;shell)

TTV3

Twisted Tube Validation 3

Tube Side Pressure Drop vs. Tube Side Reynolds Number
RUNggg = 'False’

RUNpears = 'False’

RUNpgrgg = 'True'

RUNggg = 'False'’

fluidypesiges = 'Water'
ﬂuidsheu;side$ = 'Steam'
Variables

dowbe = 0,019 [m]

a = 0,235 [m]— 2 - tubey,
b = 0,135 [m]—- 2 - tubey
Liwe = 1,5 [m]

H = 1,5 [m]
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tubey, = 0,0015 [m]

no= 7 [
dosher = 80 [m]
Vitbe = 3 [m/s]
Votwe = 2 [M/s]

Ti;tube = (17 + 273,15)' 1 [K]

Towbe = (23 +273,15)- 1 [K]

Potwbe = 30 [kPa]

dhwbe = 4 - moarh

2-n-a+4-(b-a)

Hotube = Visc (ﬂUidtube;side$ 7 T= Tomwbes P = Poube )

Potube = P(ﬂUidtube;side$ 7 T= Tomwbes P = Poube )

pishel = —0,676 [kg/m3]" Tighen ° 17 + 885,243 [kg/mq]
1 K]

Poshel = —0,676 [kg/m®* Toehen * 17 + 885,243 [kg/mq]
1 [K]

Poshet = 15 [kPa]

Vishe = 1,4 [m/s]

Voshe = 0,9 [m/s]

Tishet = (60 +273,15) - 1 [K]

Toshen = (50 +273,15) - 1 [K]

dhishel = dogshel

Hoshel = Visc (ﬂUidsheII;side$ 3 T= Toshens P = Poghen )

TTV4

Twisted Tube Validation 4

Heat Exchanger Effectiveness vs. Mas Flow Rate
RUNggg = 'True'

RUNpears = 'False’

RUNpgregg = 'False’

RUNggg = 'False'’
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fluidypesices = 'Water'
ﬂuidsheu;side$ = '"Water'
Variables

di;tube = 0,01 [m]
tubey, = 0,005 [m]
do;tube = 0,02 [m]

digher = 0,05 [m]

H = 045 [m]
a = 0,01 [m]
b = 0,02 [m]
n=1F]

ne = 11[]
ne = 1 [%]

potbe = 998,2 [kg/m?]

CPotuwe = 4,182 [J/kg-K]

Kitbe = 387,6 [W/m-K]

Hotube = 0,001003 [Pa-s]

Tiwe = (380 +273,15) - 1 [K]

Towve = (371 +273,15) - 1 [K]

Tishen = (330 + 273,15) - 1 [K]

Tosnen = (343 +273,15) - 1 [K]

Posher = 85 [kPa]

Pisher = 85 [kPa]

This section is not calculated for validation 4
Mgnen = 0,0006 [kg/s]

End of section

Mupe = 0,001 [kg/s]

ChPishelikongk = CP (fluidshensides 3 T = Tishens P = Pi;shell)
Pishell = P(ﬂUidsheII;side$ 3 T= Tishen; P = Pi;shell)

Po;shell = P(ﬂUidsheII;side$ ; T= To;shell; P= Po;shell )
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Perimetery,e = 2 - n-a+4-(b—a)

dh;tube =4

dhsshell = ishen
. d 2 n
Aci - T h;shell to. 1 [%]
4 - np

A =xg-H- dh;tube

Vi:shell &
Pishell ~ A
ST-shell = TiltUbe - To;shell - (To;tube - Ti;shell)
;shel
To;tube - Ti;shell
Uwimk = Mgreil * CPishelikikgk (TO;sheu - Ti;she”)
m.
Stishell - Agi
Convert Units
JIkg—-K
Cpishen = | 1000 - 8 * CPishelikikgk
kJ/kg—K
2_
U = 1000 - V™K e
kW/m?—K
TTV5

Twisted Tube Validation 5

Tube Side Heat Transfer Coefficient vs. Twist Pitch Length
RUNggg = 'False’

RUNpears = 'True'

RUNpgregg = 'False’

RUNggg = 'False'’

fluidypesiges = 'Water'
ﬂuidsheu;side$ = 'Steam'
Variables

This section is not calculated for validation 5

P = 0,192 [m]

End of section
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pitch = 0,02778 [m]
dotwe = 0,02049 [m]
tubeyx = 0,001734 [m]
Qiwve = dotube — 2 ° itube
a = 0,0198 [m]

b = 94 [m]

Lube = 9,926 [m]

H = 9,926 [m]

Awe = 10170,8 [m?]

1

tube

Ry =
1

I(i;tube '
Atube

R, = 0,0002 [m2K/W]

g = 9,81 [m/s?

d = doshen

ne = 1591 []

dosher = 0,203 [m]

dishen = 0,12 [m]

n, = 1 [%]

Tiwe = (30 + 273,15) - 1 [K]

Towbe = (53,1 +273,15) - 1 [K]

Piwve = 115 [kPa]

Powbe = 85 [kPa]

piwbe = 1160 [kg/m?]

potube = p(flUidipesiges ; T= Toube: P = Pouve )
Kiwbe = 0,21 [W/m-K]

Kowre = K (lUidypesiges  T= Totube; P = Postue )
piwe = Visc (fluidupesices 5 T = Tiaube; P = Praube )

Ho;tube = ViSC (ﬂUidtube;side$ ; T = To;tube; P = Po;tube )
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CPiwve = 1920 [J/kg-K]

CPhotweiomgk = CP (luidipesives ; T= Totne: P = Pogupe )
Tisnen = (89,2 +273,15) - 1 [K]

Toshel = (80 +273,15) - 1 [K]

Pisnen = 120 [kPa]

Posnen = 85 [kPa]

Kishet = 670 [W/m-K]

ko;sheII = k (ﬂUidshell;side$ ; T= To;shell; P= IDo;shell )

pishel = 971,8 [kg/m?]

posnel = plfluidsneiisiges  T= Toshen; P = Poshei)
pishet = 0,236 [Pa-s]

Hoshen = Visc (fluidsnensides 5 T = Tosheis P = Poshen )

CPishen = 4196,3 [J/kg-K]

CPoshelikikgk = CP (fluidgnesives 5 T = Toshens P = Posshen )
Vishen = 0,085 [m/s]

Voshel = 0,05 [m/s]

Viwbe = 1,26 [m/s]

Vouwe = 1,15 [m/s]
Mge = 1,88 [kg/s]
Mype = 1,97 [kg/s]

Convert Units

Jlkg—K

Cpo;tube = 11000 -
kJ/kg—K

' Cpo;tube;kJ\kgK

Jikg—K

Cpo;shell = | 1000 -
kJ/kg—K

" CPo;shell:kkgk
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Parametric Table: Table 1

Rei;tube hi;tube
[-] [W/m2-K]
Run 1 4000 386,2
Run 2 4778 445,2
Run 3 5556 502,3
Run 4 6333 557,8
Run 5 7111 611,9
Run 6 7889 664,9
Run 7 8667 716,9
Run 8 9444 767,9
Run 9 10222 818,1
Run 10 11000 867,5
Parametric Table: Table 2
Reghen Pshen
[l [Pa]
Run 1 4000 844,7
Run 2 5111 992,5
Run 3 6222 1130
Run 4 7333 1258
Run 5 8444 1381
Run 6 9556 1498
Run 7 10667 1610
Run 8 11778 1718
Run 9 12889 1823
Run 10 14000 1925
Parametric Table: Table 3
Retube Ptube
[l [Pa]
Run 1 4000 312,3
Run 2 5222 326,7
Run 3 6444 338,5
Run 4 7667 348,6
Run 5 8889 357,4
Run 6 10111 365,3
Run 7 11333 372,4
Run 8 12556 378,9
Run 9 13778 384,9
Run 10 15000 390,5
Parametric Table: Table 4
m eff
[kg/s] [%]
Run 1 10 80,96
Run 2 18,89 75,52
Run 3 27,78 72,44
Run 4 36,67 70,32
Run 5 45,56 68,73
Run 6 54,44 67,45
Run 7 63,33 66,4
Run 8 72,22 65,49
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Parametric Table: Table 4

m eff

[kg/s] [%]
Run 9 81,11 64,71
Run 10 90 64,02

Parametric Table: Table 5

P hi;tube Ptube

[m] [W/m2-K] [Pa]
Run 1 0,16 168,7 189
Run 2 0,2 162,6 151,2
Run 3 0,25 156,7 120,9
Run 4 0,3 162,1 100,8
Run 5 0,4 145 75,59

Parametric Table: Table 6

a b Aspe(:tratio P hi;tube Ptube Atube Qin Qout
[m] [m] [l [m] [W/m2-K] [Pa] [m2] (kW] (kW]
Run 1 0,007 0,035 0,2 0,16 1637 472,56 0,2642 31423 31278
Run 2 0,009 0,033 0,2727 01771 1052 3953 0,3274 31423 31278
Run 3 0,011 0,031 0,3548  0,1943 7756 3458 03846 31423 31278
Run 4 0,013 0,029 0,4483 0,2114 600,9 312  0,4352 31423 31278
Run 5 0,015 0,027 0,6556  0,2286 482,6 288,2 04788 31423 31278
Run 6 0,017 0,025 0,68 0,2457 3984 271,3 05149 31423 31278
Run 7 0,019 0,023 0,8261 0,2629 336,1 259,7 05429 31423 31278
Run 8 0,021 0,021 1 0,28 288,6 252,3 0,5621 31423 31278
Run 9 0,023 0,019 1,211 0,2971 251,7  248,7 05719 31423 31278
Run 10 0,025 0,017 1,471 0,3143 222,5 248,8 05714 31423 31278
Run 11 0,027 0,015 1,8 0,3314 199,1 253,1 0,6599 31423 31278
Run 12 0,029 0,013 2,231 0,3486 180,3 262,3 0,6363 31423 31278
Run 13 0,031 0,011 2,818  0,3657 165,4 2782 0,4996 31423 31278
Run 14 0,033 0,009 3,667  0,3829 153,7 304,3 0,4486 31423 31278
Run 15 0,035 0,007 5 0,4 145,4  347,9 0,3818 31423 31278

Parametric Table: Validation 1

Reo;tube ho;tube

[-] [W/m2-K]
Run 1 2000 1063
Run 2 3000 1250
Run 3 4000 1403
Run 4 5000 1534
Run 5 6000 1650

Parametric Table: Validation 2

Regpel Pshell

[-] [Pa]
Run 1 540 1,269
Run 2 680 1,667
Run 3 796,7 2,01
Run 4 910 2,352

Run 5 1017 2,682
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Parametric Table: Validation 2

Regpel Pshell

[-] [Pa]
Run 6 1127 3,029
Run 7 1217 3,317
Run 8 1313 3,631
Run 9 1407 3,938
Run 10 1500 4,249

Parametric Table: Validation 3

Retube Ptube
-] [Pa]

Run 1 14525 4,148
Run 2 17494 6,049
Run 3 20226 8,119
Run 4 23373 10,89
Run 5 26045 13,566
Run 6 28777 16,6
Run 7 31508 19,95
Run 8 34299 23,69
Run 9 37150 27,86
Run 10 40178 32,66
Run 11 41781 35,35

Parametric Table: Validation 4

Mghen eff

[ka/s] [%]
Run 1 0,000204 75,43
Run 2 0,000402 68,13
Run 3 0,000602 64,13
Run 4 0,000804 61,4
Run 5 0,001 59,43

Parametric Table: Validation 5

P hi;tube

[m] [W/m2-K]
Run 1 0,0993 10710
Run 2 0,1493 5845
Run 3 0,1971 3868
Run 4 0,2471 2765
Run 5 0,2963 2113
Run 6 0,3954 1376

Parametric Table: Simulation

Ti;shell Ti;tube hi;shell hi;tube have;shell have;tube

K] K] [W/m2-K] [W/m2-K]
Run 1 396,2 353,2 262,1 780,6 247,3 490,4
Run 2 394,2 354,3 260,2 781,8 246,5 491
Run 3 392,2 355,4 258,3 782,9 245,6 491,6
Run 4 390,2 356,5 256,3 784 244,8 492,1

Run 5 388,2 3576 254,3 785,1 243,9 492,7
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Parametric Table: Simulation

Ti;shell Ti;tube hi;shell hi;tube have;shell have;tube

K] K] [W/m2-K] [W/m2-K]
Run 6 386,2 358,7 2562,2 786,1 243 493,2
Run 7 384,2 359,8 250,1 787,2 242 493,7
Run 8 382,2 360,9 248 788,2 241,1 494,2
Run 9 380,2 362 245,8 789,2 240,1 494,7

Run 10 378,2  363,2 243,7 790,2 239,1 495,2
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SOLUTION

Unit Settings: Sl K kPa kJ mass deg
a =0,007 [m]

A =120 [m?]

Aupe = 0,2642 [m?]

¢ =4,700E+08 []

CPi shell kwkgk = 4,248 [kJ/kg-K]
CPi tube kokgk = 4,197 [kJ/kg-K]
CPo shell,kikgk = 4,222 [kJ/kg-K]
CPo tube khkgk = 4,208 [kJ/kg-K]
Ch =1,372E+06 [W/K]

Ci =2,000E+06 [R]

Cpin = 1,372E+06 [W/K]

Cs =1,500E+06 [R]

dTtube =24.6 [K]

delthap , ghe = 54672 [Pa]
dhtube =0,01974 [m]

inlettube = 0,1168 [m]

ditupe = 0,01575 [m]

doutlet,tube =0,2762 [m]

do tube =0,01905 [m]

eff =100 [%]

enthalpy; ype = 335,1 [kJ/kg]
enthalpy, ype = 389,7 [kJ/kg]
fluidype siges = 'Water'

Frmo = 3,426 [-]

fi tupe = 0,009102 [-]

fo,tube =0,0143 []

f, =1,534 []
Gg; = 14111 [kg/m?-s]
H = 4,26 [m]

Nave tube = 1227 [W/m?-K]
hitube = 972,7 [W/m?2-K]
o tube = 1480 [W/m2-K]
j =1,88 [R/W]

Ki tube = 0,667 [W/m-K]
Ko tube = 0,6743 [W/m-K]
m = 1,718E+06 [kg/s]
Uitupe = 0,0003541 [Pa-s]
Uotube = 0,0003037 [Pa-s]
Mype = 440,9 [kg/s]

n, =1 [%]

ng =442 [-]

OPPtime = 20 [yr]
Perimeter,e = 0,156 [m]
Pritupe = 2,228 [-]

Pro,tube =1,896 []

Pitube = 150 [kPa]
Potube =135 [kPa]
Puwbe = 6,379E+07 [Pa]
Q;, =24080 [kW]

Qqyt =24080 [kW]

Qupe =2,412E+07 [W]
Re; e =2,378E+06 [-]
Reg type = 999035 [-]
Reype = 1,252E+06 [-]
Pitube = 9718 [kg/m?]
Potube = 963,3 [kg/m3]
RUNggg = "True'

RUNpggg = "True'

Rf =0,0002 [m2-K/W]

Aspect zio = 0,2 [-]

A, =120 [m?]

b =0,035[m]

Cpishenr = 4248 [J/kg-K]
Cpitbe =4197 [J/kg-K]
Cpo shell = 4222 [J/kg-K]
CPo tube = 4208 [J/kg-K]
C. =1,855E+06 [W/K]

¢; =10000 [R]

Cax = 1,855E+06 [W/K]
Coump = 0,00288 [R/Wh]
d =1,468 [m]
delthap ; ghe = 65835 [Pa]
h shen = 0,588 [m]
dinletshenn = 0,1707 [m]

di shenr = 0,588 [m]
doutlet,shell =0,0907 [m]
do,shell =06 [m]

e =2,718 [-]

enthalpy; spe = 516,6 [kJ/kg]
enthalpy, ghe = 442,1 [kJ/kg]
fluidshen siges = "Steam’
Fromi = 3,953 []
f,=0,08586 [-]

f, =0,09356 [-]

fs =2,584 [-]

g =9,81 [m/s?]

Gso = 12409 [kg/m?-s]
Nave shell = 497170 [W/m?2-K]
hi shell = 524247 [W/m?-K]
hosheti = 470093 [W/m?2-K]
i =11 [%]

Ki sheil = 0,6826 [W/m-K]
Ko shel =0,6792 [W/m-K]
I-tube,check =1,509E+09 [m]
uishen = 0,000226 [Pa-s]
Uoshel = 0,0002665 [Pa-s]
Mghen = 322,9 [kg/s]
n=1F[

Npump = 98 [%]

Ny, =8,022E-10 [-]

P =0,16 [m]

Prishen = 1,407 [-]

I:)ro,shell =1,656 [-]

Pishen = 306 [kPa]

Po,shell =305 [kPa]

Pshen = 1,510E+06 [Pa]
q =780 [W/h]

Qnax = 5,899E+07 [W]
Qghen = 2,416E+07 [W]
Re; =7000 [-]

Re, = 5937 []

Regne = 2,738E+07 [-]
Pishell = 940,7 [kg/m?]
Poshell = 954,5 [kg/m?]
RUNggg = 'True'
RUNpeats = "True'

R. =0,7394 []

R, =240 [m2-K/W]
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shelly,, = 0,006 [m] tt =7300 [h/yr]

tubey, = 0,00165 [m] T, shen = 396.2 [K]

Titupe = 353,2 [K] Toshe = 378,5 [K]
Toupe = 3662 [K] U = 0,004166 [W/m2-K]
Vishel = 15 [m/s] Vitube = 55 [M/s]

Vo,shell = 13 [m/s] Vo tube = 20 [M/s]

No unit problems were detected.
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SOLUTION

Unit Settings: Sl K kPa kJ mass deg

a =0,0198 [m]

Ay, =17,99 [m?]

b =94 [m]

CPjupe = 1920 [J/kg-K]
CPo shell kikgk = 4,197 [kJ/kg-K]
CPo tube kikgk = 4,182 [kJ/kg-K]
delthap ; e = 45050 [Pa]
dh shenr = 0,12 [m]

dishen = 0,12 [m]

do,shen = 0,203 [m]
fluidshen siges = "Steam’
Fr = 0,06023 [-]
f,=155,1 [-]

f, = 5,242 [-]

g =9,81 [m/s?]

Gso = 48,59 [kg/m?-s]
Nave sheil = 189060 [W/m?-K]
hi sheil = 316945 [W/m?-K]
hoshetl = 61175 [W/m2-K]
Kishen =670 [W/m-K]

Ko shell = 0,667 [W/m-K]
Liube = 9,926 [m]

Hiwbe = 0,0007972 [Pa-s]
Hotwbe = 0,0005192 [Pa-s]
Mype = 1,57 [kg/s]

n = 1591 [-]
Perimeter;,e = 37,65 [m]
Prishen = 1,478 [-]

I:)ro,shell =2,228 []
Pishen = 120 [kPa]

Poshen = 85 [kPa]

Re; =0,05313 [-]

Re, = 35,41 [-]

Pishenl = 971,8 [kg/m?]
Poshenl = 971,8 [kg/m?]
RUNggg = 'False’
RUNpeats = "True'

Rf =0,0002 [m2-K/W]
tubey,, = 0,001734 [m]
Titupe = 303,2 [K]

To,tube =326,3 [K]

Vishell = 0,085 [m/s]

Vo,shell = 0,05 [m/s]

No unit problems were detected.

A, =17,99 [m?]

Aype = 10171 [m?]
CPishell = 4196 [J/kg-K]
CPoshell = 4197 [J/kg-K]
CPo tube = 4182 [J/kg-K]
d =0,203 [m]
delthap ; shei = 526,7 [Pa]
dhpe =0,06213 [m]
diupe = 0,00683 [m]
doupe =0,02049 [m]
fluidype sides = 'Water'
Frno = 0,03543 []

fi tube = 0,5814 [-]

fo,tube =0,5306 [-]

G, = 82,6 [kg/m?-s]

H =9,926 [m]

Nave tube = 568,5 [W/mz-K]
hi tube = 303,7 [W/m?2-K]
o upe = 833,44 [W/m2-K]
Kitube = 0,21 [W/m-K]
ko,tube = 0,644 [W/m-K]
Wishell = 0,236 [Pa-s]

o shell = 0,000354 [Pa-s]
Mghen = 1,88 [kg/s]

n, =1 [%]

P =0,192 [m]

pitch = 0,02778 [m]
Pritupe = 7,289 [-]
Pro,tube =3,372 [']
I:)i,tube =115 [kPa]
Po.tube = 85 [kPa]
Rei,tube =12522 [']
Reo,tube = 14924 [']
Pitube = 1160 [kg/m3]
Potube = 986,6 [kg/m?]
RUNggg = 'False’
RUNpgrgg = 'False'

Ry = 2,793E+07 [m?-K/W]
Ti shen = 362,4 [K]

To,shell = 3532 [K]

U = 3,580E-08 [W/m?-K]
Vitupe = 1,26 [m/s]
Vo,tube = 1,15 [m/s]
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SOLUTION

Unit Settings: Sl K kPa kJ mass deg

a =0,232 [m] b =0,132 [m] dp shen =80 [M]
dh,tube =0,3638 [m] do,shell =80 [m] do,tube =0,019 [m]
fluidgpey sigeg = 'Steam'’ fluidype sigeg = 'Water' fg = 3,146 []

fi =1,416 [] H =15 [m] Liube = 1.5 [m]

Hoshell = 0,0005465 [Pa-s] Hotube = 0,0009321 [Pa-s] ng =7 [-]

Poshen = 15 [kPa] Potube = 30 [kPa] Pshen = 1,855E+06 [Pa]
Piube = 13329 [Pa] Reghen = 8,785E+07 [-] Reype = 778709 [-]
Pi,shell = 660 [kg/ms] Po,shell = 666,8 [kg/ma] Po,tube = 997,5 [kg/ms]
RUNggg = 'False’ RUNgog = 'False' RUNggg = 'False’
RUNygats = 'False' RUNpggg = 'True' tubey,, = 0,0015 [m]
Tishen = 333,2 [K] Titube =290,2 [K] Toshen =323,2 [K]
To,tube =296,2 [K] Vishell = 1,4 [m/s] Vitube 3 [m/s]
Vo,shell = 0,9 [m/s] Vo,tube = 2 [m/s]

No unit problems were detected.

KEY VARIABLES
Po,tube =30 [kPa]
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SOLUTION

Unit Settings: Sl K kPa kJ mass deg

a =0,232 [m] Agren =119 [m?] Aupe = 0,0002835 [m?]

b =0,132[m] dh shen = 80 [m] dh tube = 0,3638 [m]

doshenn =80 [M] dotube = 0,019 [m] enthaphy; gpey = 2610 [kJ/kg]
enthaphy; ype = 72,22 [kJ/kg] enthaphy,, ¢he = 2608 [kJ/kg] enthaphy, ype = 96,49 [kJ/kg]
fluidgpey sigeg = 'Steam’ fluidype siges = 'Water' fg =1,374 []

fy =1,416 [-] H =15 [m] Liype = 1,5 [M]

o shell = 0,00001083 [Pa-s] Hotube =0,0009321 [Pa-s] Mghen = 10,52 [kg/s]

Mybe = 0,8495 [kg/s] n=71[I Pishen = 15 [kPa]

P tube = 26 [kPa] Poshen = 15 [kPa] Potube = 30 [kPa]

Pshen =0,8293 [Pa] Piupe = 13329 [Pa] Q, =20,62 [kW]

Qqut = 20,39 [kW] Reghe = 653408 [-] Reype = 778709 [-]

pishell = 0,09795 [kg/m?] Pitube = 998,7 [kg/m3] Po.shell = 0,09825 [kg/mq]
Potube = 997.5 [kg/m?] RUNggg = 'False' RUNgcpg = 'False'

RUNggg = 'False’ RUNpeaTs = 'False’ RUNpggg = "True'

tubey,, = 0,0015 [m] Ti shen = 333,2 [K] Titupe =290,4 [K]

Toshell = 332,2 [K] Totuve =296,2 [K] Vishell = 1,4 [m/s]

Vitube =3 [M/s] Voshell = 0,9 [m/s] Vo,tube = 2 [M/s]

No unit problems were detected.

KEY VARIABLES
Q,, = 20,62 kW]
Po,tube = 30 [kPa]
Quyt = 20,39 [KW]
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SOLUTION

Unit Settings: Sl K kPa kJ mass deg

a =0,01 [m]

Aube = 0,03455 [m?]

Cpishenr = 2026 [J/kg-K]

C. =0,004182 [W/K]

Cpmin = 0,004182 [W/K]

dh shen = 0,05 [m]

ditube = 0,01 [m]
enthaphy; ge = 3131 [kJ/kg]
enthaphy, ype = 3218 [kJ/kg]
H =0,45 [m]

m = 0,00003326 [kg/s]

Mype = 0,001 [kg/s]
ng=11[1

Pishen = 85 [kPa]

Potube = 168 [kPa]

Qqyt =0,01827 [kW]

Pishenr = 0,3069 [kg/m?]
RUNggg = 'False’
RUNpea7s = 'False’

tubey,, = 0,005 [m]

To,shell =616,2 [K]

Uawimak = 0,2326 [KW/m?2-K]

No unit problems were detected.

KEY VARIABLES

Q;, =0,01842 [kW]

Potube = 168 [kPa]

Qqt =0,01827 [kW]

A =0,03455 [m?]

b =0,02 [m]

Cpishell kikgk = 2,026 [kJ/kg-K]
Cp, = 1,216 [W/K]

87 sheil = 39,92 [K]

dhpe =0,02444 [m]
do,tube =0,02 [m]
enthaphy; ype = 3236 [kJ/kg]
fluidshen sies = "Water'
Kiwube = 387.6 [W/m-K]
Hotwbe = 0,001003 [Pa-s]
n=1F[]

N, =1922 [-]

Pitube = 175 [kPa]

Q;, =0,01842 [kW]
Qgpen = 18,23 [W]

Poshell = 0,2994 [kg/m?]
RUNgcog = 'False'
RUNpggg = 'False'

Tishen = 601,2 [K]

To,tube =644,2 [K]

Vi shell = 0,05658 [m/s]

A, =0,001963 [m?]

¢ =4,700E+08 [-]

CPo tube = 4,182 [J/kg-K]
Cax = 1,216 [W/K]

8T,tube =-38,77 [K]

dishenr = 0,05 [m]

eff =0,06985 [%]
enthaphy,, ¢he = 3162 [kJ/kg]
fluidype siges = 'Water'
I-tube,check =-8,636E-14 [m]
Mghey = 0,0006 [kg/s]

n, =1 [%]

Perimeter; e =0,1028 [m]
Poshen = 85 [kPa]

Qnax =0,2175 [W]

Qupe =0,03764 [W]
Potube = 998,2 [kg/m?3]
RUNggg = "True'

R; =0,003441 []

Titupe = 653,2 [K]

U =232,6 [W/m2-K]
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SOLUTION

Unit Settings: Sl K kPa kJ mass deg

a =0,0198 [m]

Ay, =17,99 [m?]

b =94 [m]

CPjupe = 1920 [J/kg-K]
CPo shell kikgk = 4,197 [kJ/kg-K]
CPo tube kikgk = 4,182 [kJ/kg-K]
delthap ; e = 45050 [Pa]
dh shenr = 0,12 [m]

dishen = 0,12 [m]

do,shen = 0,203 [m]
fluidshen siges = "Steam’
Fr = 0,06023 [-]
f,=155,1 [-]

f, = 5,242 [-]

g =9,81 [m/s?]

Gso = 48,59 [kg/m?-s]
Nave sheil = 189060 [W/m?-K]
hi sheil = 316945 [W/m?-K]
hoshetl = 61175 [W/m2-K]
Kishen =670 [W/m-K]

Ko shell = 0,667 [W/m-K]
Liube = 9,926 [m]

Hiwbe = 0,0007972 [Pa-s]
Hotwbe = 0,0005192 [Pa-s]
Mype = 1,57 [kg/s]

n = 1591 [-]
Perimeter;,e = 37,65 [m]
Prishen = 1,478 [-]

I:)ro,shell =2,228 []
Pishen = 120 [kPa]

Poshen = 85 [kPa]

Re; =0,05313 [-]

Re, = 35,41 [-]

Pishenl = 971,8 [kg/m?]
Poshenl = 971,8 [kg/m?]
RUNggg = 'False’
RUNpeats = "True'

Rf =0,0002 [m2-K/W]
tubey,, = 0,001734 [m]
Titupe = 303,2 [K]

To,tube =326,3 [K]

Vishell = 0,085 [m/s]

Vo,shell = 0,05 [m/s]

No unit problems were detected.

A, =17,99 [m?]

Aype = 10171 [m?]
CPishell = 4196 [J/kg-K]
CPoshell = 4197 [J/kg-K]
CPo tube = 4182 [J/kg-K]
d =0,203 [m]
delthap ; shei = 526,7 [Pa]
dhpe =0,06213 [m]
diupe = 0,00683 [m]
doupe =0,02049 [m]
fluidype sides = 'Water'
Frno = 0,03543 []

fi tube = 0,5814 [-]

fo,tube =0,5306 [-]

G, = 82,6 [kg/m?-s]

H =9,926 [m]

Nave tube = 568,5 [W/mz-K]
hi tube = 303,7 [W/m?2-K]
o upe = 833,44 [W/m2-K]
Kitube = 0,21 [W/m-K]
ko,tube = 0,644 [W/m-K]
Wishell = 0,236 [Pa-s]

o shell = 0,000354 [Pa-s]
Mghen = 1,88 [kg/s]

n, =1 [%]

P =0,192 [m]

pitch = 0,02778 [m]
Pritupe = 7,289 [-]
Pro,tube =3,372 [']
I:)i,tube =115 [kPa]
Po.tube = 85 [kPa]
Rei,tube =12522 [']
Reo,tube = 14924 [']
Pitube = 1160 [kg/m3]
Potube = 986,6 [kg/m?]
RUNggg = 'False’
RUNpgrgg = 'False'

Ry = 2,793E+07 [m?-K/W]
Ti shen = 362,4 [K]

To,shell = 3532 [K]

U = 3,580E-08 [W/m?-K]
Vitupe = 1,26 [m/s]
Vo,tube = 1,15 [m/s]
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