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Abstract

Reducing greenhouse gas emissions is a vital component in mitigating the effects of global warm-
ing. While engineers across the globe are focused on finding new viable sources of clean energy,
increasing the efficiency of current power-producing equipment would alleviate the pressure for
finding and implementing these new technologies.

Various technologies exist to achieve greater efficiency, including Organic Rankine Cycles (ORCs).
These systems have been successfully implemented in various large-scale industrial sectors, cap-
turing and utilising low-grade waste heat from their processes. With great potential for increased
efficiency within the domestic sector (less than 10 kW), intricate components in these small-scale
systems require advanced traditional manufacturing processes that drive up cost and lead times.

The study aims to demonstrate the viability of using additive manufacturing (AM) for compo-
nent fabrication, specifically focusing on developing and characterising an additively manufactured
compact counter-flow heat exchanger for application in ORCs.

A theoretical model was developed to size a baseline heat exchanger. The heat exchanger core
consisted of 0.5 mm square channels with a length of 30 mm packed in an array. The model was
also used to size two more heat exchangers, each with different channel sizes and lengths; one
with a core of 1 mm x 40 mm square channels and one with a core of 2 mm x 50 mm square
channels. With the preliminary sizing completed, the geometric data from the theoretical model
was used to develop CAD models of the heat exchangers for production in Ti-6Al-4V using additive
manufacturing.

The heat exchangers were then experimentally characterised using a purpose-built test bench, cap-
turing all relevant data. Each heat exchanger was characterised with 12 different flow settings,
running five tests per flow setting. The test results were evaluated for validity and processed into
useful data for comparison to the mathematical model results.

Additionally, computational fluid dynamics analyses were conducted and compared to the the-
oretical and experimental results. An acceptable level of agreement was obtained between the
theoretical, experimental and CFD results.

Keywords: Additive Manufacturing, Ti-6Al-4V, Compact Counter-flow Heat Exchanger, Charac-
terisation, Organic Rankine Cycle, Heat Exchanger Test bench, Computational Fluid Dynamics
Modelling, Heat Exchanger Design.
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Chapter 1

Introduction

1.1 Background

1.1.1 Heat exchangers

Heat exchangers are devices used to transfer heat between two fluids at different tempera-
tures [1]. Heat exchangers are invaluable in numerous applications for industries ranging
from refrigeration to the space industry [2]. 90% of the heat energy used in the production
and management of energy is transported via various types of heat exchangers; therefore,
various aspects have been investigated intensively to improve the performance of these
devices. New materials, manufacturing methods, heat exchange devices and heat transfer
surfaces form part of these investigations [3].

1.1.2 Heat exchanger classification

While all heat exchangers operate on the same basic principles, they are generally cate-
gorised and classified by flow configuration or construction [4].

Flow configuration
There are four basic flow configurations which refer to the direction of the fluid flow
relative to each other within the heat exchanger.

Counterflow heat exchangers have the working fluids flowing parallel in opposite direc-
tions. This flow configuration allows for the most significant temperature change between
the two fluids and is the most commonly utilised configuration.

Concurrent-flow or parallel-flow heat exchangers have the working fluids flowing parallel
in the same direction. The flow configuration results in lower efficiencies compared to the
counterflow configuration. However, it is beneficial if the working fluids are required to
approach the same temperature.

In Crossflow heat exchangers , the working fluids flow perpendicularly to each other.
Efficiencies for this flow configuration are generally between that of counterflow and
concurrent-flow.

Hybrid flow heat exchangers combine any of the flow as mentioned above configurations
within a single heat exchanger. Shell-and-tube, multi-pass and cross-/counterflow heat
exchangers are examples of hybrid flow heat exchangers [3, 4].

Construction

We can further categorise heat exchangers based on their construction. The first classi-
fication level divides heat exchangers into regenerative or recuperative types, each with
subclassifications [3].

1
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[ Heat Exchangers |
|

Regeneratlve Recuperatlve |

Figure 1.1: Heat exchanger classifications

Regenerative heat exchangers:

Also known as regenerators or capacitive heat exchangers, these transfer heat from one
fluid to another by alternately heating and cooling a matrix and can be further categorised
as static or dynamic. A static regenerator alternates flow through the matrix via a series
of pipes and valves. As the hot fluid flows through the matrix, heat is transferred to the
matrix, after which the hot fluid flow is shut off, and the cold fluid is allowed to flow
through the matrix, absorbing the heat from the matrix.

Dynamic regenerators have a rotating element acting as the heat storage medium. The
hot and cold fluids, separated by a gas seal, flow parallel to the rotation axis through the
rotating element, transferring heat from one fluid to the other via the rotating element.
Both static and dynamic regenerators have the risk of cross-contamination of the fluid
streams and this should be taken into consideration. These types of heat exchangers are
generally used in gas-gas applications [3, 5].

Recuperative heat exchangers:

Recuperative heat exchangers or recuperators can be categorised into two groups, direct-
or indirect-contact heat exchangers. Direct contact recuperators rely on the working flu-
ids’ direct contact for heat transfer, normally air-water, water-water or water-steam heat
exchangers. The most common example of direct contact recuperators is the cooling tow-
ers found in power plants.

Indirect contact recuperators have the working fluids flowing simultaneously in separate
channels, relying on a combination of convection and conduction for heat transfer. The
working fluids are generally separated by tubes or plates, depending on the specific design
or application of the heat exchanger [3, 4, 5].

1.1.3 Heat exchanger types

Recuperative indirect heat exchangers are the most common heat exchangers in the indus-
try; the most common types are discussed briefly below [3, 4, 5].

Double-pipe heat exchangers:

Double-pipe heat exchangers are one of the simplest heat exchangers designs and consist
of two or more concentric pipes or tubes, one larger in diameter than the other. Fluids
flow separately through each pipe in the required configuration, counterflow or parallel
flow. These types of heat exchangers are cost-effective, easily maintained and they can be
designed flexibly to suit the application.

© Central University of Technology, Free State
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Shell and tube heat exchangers:

These heat exchangers can be designed as counter, parallel or hybrid flow. They consist of
a bundle of parallel tubes enclosed in a sealed pressure vessel known as the shell. One fluid
flows through the bundle of tubes while the other flows within the shell over the outside of
the tube bundle. They are well known and commonly found in various industries.

Plate-fin or plate-frame heat exchangers:

Thin corrugated plates are stacked together to form these types of heat exchangers. Each
pair of stacked plates forms a flow passage for one working fluid, and a flow passage
is formed with each additional pair added for a secondary working fluid. These stacks
are then permanently joined (brazed or welded for the plate-fin type) or compacted with
a frame and bolts (plate-frame type). The popularity of these types of heat exchangers
are increasing due to the possible cost, space and weight saving they provide in specific
applications.

Compact heat exchangers:

Compact heat exchangers are another type gaining in popularity, especially for high-heat
flux applications. They are characterised by their high heat transfer surface area density
and can reach more than 650 m?/m? [6]. These types of heat exchangers can come in
various flow and construction arrangements to suit the specific application.

1.1.4 Heat exchanger applications

Heat exchangers form an invaluable part of many processes within various industries.
They have therefore been extensively researched to improve the performance of these
devices. With new technological developments in material science and manufacturing
methods, engineers are innovatively implementing these devices into new and existing
systems to improve efficiency and reduce costs [3, 7].

One of the ways in which engineers can increase the efficiency of various processes is
by capturing and utilising waste heat either for aiding the process directly (such as pre-
heaters) or being used for other processes entirely. Organic Rankine Cycles (ORCs) are a
proven technology for capturing waste heat to produce additional power [8].

ORCs comprise at least two heat exchangers: a boiler and condenser, and an expander
and a pump [9]. These systems operate on the same basic principles as Rankine cycles.
The key difference is that ORCs utilise organic compounds instead of water in order to
reduce operating temperatures. Implementing higher efficiency heat exchangers within
these cycles could considerably improve the efficiency and applications of these systems.

Organic Rankine Cycles within the industry generally produce anything from a few kW
to multi-MWe, and miniaturising these systems would allow domestic users to also ben-
efit from this technology [10]. Miniaturisation, however, introduces new challenges for
engineers. One of which is manufacturing the small-scale components required [11].

A promising technology for producing these small-scale components comes in the form
of additive manufacturing (AM). This method of manufacture has the ability to produce
intricate parts in various materials with incredible accuracy [12]. With numerous studies
focusing independently on micro-ORCs and additive manufactured heat exchangers, the

© Central University of Technology, Free State
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focus for this study will therefore be to characterise an additive manufactured compact
counterflow heat exchanger for application in ORC:s.

1.2 Motivation for the study

Global warming is one of the biggest challenges we are currently facing, and reducing
anthropogenic greenhouse gas (GHG) emissions is vital in reducing the effects of global
warming. With the energy sector responsible for approximately three-quarters of the emis-
sions [13], shifting from traditional energy production processes towards renewable energy
sources is essential.

In 2021 the International Energy Agency stated that all countries need to do more regard-
ing their GHG reduction goals for 2030. The pledges at that stage covered less than 20%
of the gap in GHG reductions to keep on track for a 1.5 °C increase by 2050. Even with
the successful pursuit of all pledges, the modelled energy-related GHG emissions fall by
only 40% over the period leading to 2050 [13].

With both the end-user and industry able to benefit from increased energy efficiency, more
focus is being put on increasing the efficiency of various equipment and processes [14].
Capturing and utilising waste heat is one method to increase efficiency.

A 2018 study by Papapetrou et al. [15] estimated the total waste heat potential in the EU
to be 300 TWh/year. One-third of this was low-grade waste heat with temperatures below
200 °C, waste heat in the range of 200-500 °C accounted for 25% and temperatures above
500 °C make up the rest.

Various technologies exist to utilise low-grade waste heat, including the previously men-
tioned ORCs. Due to technical and manufacturing difficulties, low-grade waste heat is less
commonly recovered in industry. However, it should not be disregarded as it still has the
potential to be used for power production, as well as heating and cooling processes [16].

Improving existing and new manufacturing techniques allows engineers to effectively
downscale these systems for applications previously not deemed viable [17]. Thus the
study aims to mitigate the effects of global warming by expanding the knowledge of addi-
tive manufactured heat exchangers and their applications.

1.3 Research aim

This research study aims to characterise an additively manufactured Ti6Al4V counterflow
compact heat exchanger and to validate the experimental results with numerical simula-
tions.

In order to accomplish the aim mentioned above, a counterflow compact heat exchanger
design must be developed to be compatible with additive manufacturing (AM). With the
completion of the design, a few configurations differing in size and channel geometry
would be produced. An experimental investigation would then be conducted to charac-
terise these configurations, enabling the validation of the numerical simulations against
the experimental results obtained.

Thus the primary objectives of the study can be listed as follows:

© Central University of Technology, Free State
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Develop a theoretical numerical model for heat exchanger sizing

e Design a compatible compact heat exchanger for additive manufacturing

Produce different configurations of the compact heat exchanger design
e Characterise compact heat exchangers experimentally
e Validate experimental results against numerical simulations
Secondary objectives could therefore be:

e To apply the design methodology for additively manufactured counterflow compact
heat exchangers to Organic Rankine Cycles

e Advance the knowledge of additive manufactured compact heat exchangers

e Assess the performance characteristics of Ti6Al4V for compact heat exchangers

1.4 Scope

The study will focus primarily on the design and experimental characterisation of additive
manufactured heat exchangers. The manufacturing parameters and process to obtain the
additive manufactured heat exchangers will not be covered. However, critical findings
from the manufacturing process will be discussed.

1.5 Structure

This dissertation consists of seven chapters, including the current one. Chapter 2 entails
the literature review; the literature of all relevant aspects was investigated and reviewed to
obtain up-to-date knowledge on the research subject at hand. Chapter 3 presents the nu-
merical procedure for modelling the compact counterflow compact heat exchanger. Chap-
ter 4 discusses the design process for the heat exchangers and considerations for additive
manufacturing design. This chapter also elaborates on the manufacturing difficulties ex-
perienced during manufacturing. The experimental setup and procedure are described in
Chapter 5. The numerical, experimental and CFD results are presented and discussed in
Chapter 6. Chapter 7 summarises and concludes the study, and provides future research
suggestions.
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Chapter 2

Literature Review

2.1 Introduction

This chapter reviews the technology and research on additive manufactured compact
counterflow heat exchangers for application in Organic Rankine Cycles (ORCs). Although
numerous studies exist for various applications of additive manufactured heat exchangers,
it was found that limited research has been done on the application of additive manu-
factured heat exchangers in ORCs. The advantages of using additive manufacturing for
producing compact heat exchangers are also discussed.

With the current high demand for energy and pressure on the energy sector to reduce their
greenhouse gas (GHG) emissions, engineers are tasked with developing more efficient
systems for power-producing equipment [18, 19]. With renewable energy sources such
as wind and solar growing rapidly and despite the Covid-induced recession, 2021 saw
the second-largest annual increase in CO, emissions in history [13]. To alleviate GHG
production, the efficiency of current energy-producing technology can be increased with
existing systems like ORCs [20].

Large-scale ORCs are already implemented in numerous plants worldwide to capture
waste heat and produce additional power, thereby increasing efficiency [21, 22]. Micro-
ORC:s are smaller and more compact systems that can be utilised by domestic users (1-10
kW) [10, 23]. Micro-ORCs have great potential for waste heat recovery on a small scale;
however, manufacturing the small-scale components for micro-ORC systems proves to be
difficult using traditional methods [24]. The heat exchanger is one of the components that
experiences these manufacturing difficulties. Incorporating a smaller heat exchanger into
an ORC, such as a micro-channel heat exchanger, has several benefits, one of which is a
very high heat transfer coefficient [3, p. 6] [25]. Therefore, these compact heat exchang-
ers are particularly effective when used in power-producing or power-consuming systems
[26].

Traditional methods like X-ray lithography (LIGA), chemical and silicon etching, dia-
mond machining or wire machining can produce basic micro-channel heat exchangers
[25, 27]. Most of them are time-consuming, restricted to basic designs or require more
than one process, like diffusion bonding, to produce a heat exchanger [28].

Additive manufacturing is a well-suited manufacturing method for compact heat exchang-
ers as it allows manufacturing of highly complicated parts with relative ease [29, 30, 31].

6
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2.2 Organic Rankine Cycles

The industrial sector accounted for more than one-third (170 EJ) of the total final energy
consumption in 2021 and contributed 45% (9 Gt) of the total direct CO, emissions from the
end-use sector. The International Energy Agency states, “There is no way to reach zero
emissions without strong and coordinated action on emissions reduction in the industry
sector” [14].

Organic Rankine Cycle systems are well suited to convert heat into electricity for re-
newable or industrial energy efficiency applications. From a few kW to multi-megawatt
geothermal plants, ORC systems have gained popularity since the 1970s due to surging
energy prices and economic incentives [8].

Organic Rankine Cycles are similar to a conventional Rankine Cycle, the difference be-
ing that ORC:s utilise organic compounds such as refrigerants, hydrocarbons or siloxanes
instead of water as the working fluid [9]. Organic refrigerants work well within a tempera-
ture range of 100-175 °C, while hydrocarbons are more suitable for temperatures between
175-250 °C and siloxanes for higher temperatures of 250—400 °C [16]. The use of organic
compounds in these systems allows them to utilise low temperatures and can be optimised
for the best performance with the numerous organic fluids available.

Geothermal energy, solar energy, biomass products, surface seawater and waste heat from
thermal processes are some of the possible heat sources for an ORC [21, 16]. Table 2.1
lists some general and industrial waste heat sources and their temperatures.

Table 2.1: Low-grade waste heat sources and temperatures.

Low-grade waste heat source Temperature (°C)
Generic Unit/Process
1. Boilers . Flue gases 110-260
2. Air compressors . Waste heat from compressor cooling system 30-60

3. Heating/cooling network . Condensate from steam heating and spent cooling water ~ 60-90
from cooling systems

Industrial Sector

1. Petrochemical . Stack gas from crude distillation 156
Stack gas from vacuum distillation 216
Exhaust from ethylene furnace 149

2. Iron/steel making . Waste gas from coke oven 200
Blast furnace gas 93
Blast stove exhaust 250

3. Aluminium . Exhaust from aluminium casting with a stack melter 121

4. Food and drink . Extracted air from cooking with fryers or ovens 150-200
Exhaust from drying with spray/rotary dryers 110-160
Water vapour from evaporation and distillation 100

5. Textile . Dyed wastewater from dying 90-94
Stenter exhaust for fabric dying and finishing 180
Waste water rejected from heat exchangers 58-68

6. Paper . Waste steam from slag flushing in furnace 95-100
Waste water from slag flushing in furnace 65-85
Cooling water from furnace wall cooling 35-45

7. Cement . Exhaust from cement Kilns using 5- or 6-stage pre-heaters ~ 204-300
Hot air discharge from clinker coolers 100

Source: Adapted from [16]
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Figure 2.1: Schematic diagram of an ORC

Organic Rankine Cycles usually consist of an evaporator, expander, condenser and pump.
The organic fluid is pumped to the evaporator, where the fluid is vaporised using the heat
from the waste heat source. The vaporised fluid then travels to the expander, where ex-
pansion takes place, and mechanical work is produced. The expander is connected to a
generator where the mechanical work is converted to electric energy. The fluid then passes
through the condenser, where it is cooled down to a liquid state, ready to be pumped back
to the evaporator [9], Figure 2.1 depicts a basic schematic of an ORC.

Tartiere and Astolfi published an article in 2017 on “A world overview of the Organic
Rankine Cycle market” and analysed more than 700 projects from 27 ORC system manu-
facturers with a combined installed capacity of 2.7 GW [8]. The +700 projects accounted
for 1754 installed plants, with 1073 used to recover waste heat, producing a combined 376
MWe.

A more up-to-date project map of Tartiere’s references is available at [32], since the pub-
lished article in 2017 and the last update of the project map in 2021, the number of projects
increased to 1067 with another 83 projects under construction.

The market leader, ORMAT, has installed 1102 ORC units by the end of 2016 with a
capacity of 1701 MWe. Approximately 800 of these units installed by ORMAT are used
for valve operation and cathodic protection along pipelines in remote areas producing
less than 4 kWe [8]. To date, they have 28 plants across the globe used for waste heat
recovery producing 147 MWe [33]. Another ORC system manufacturer, Turboden, has to
date installed more than 400 ORC plants in 48 countries. Twenty-eight of these are used
for waste heat recovery, producing 68.4 MWe, with five more under construction, further
increasing the power production with 14.7 MWe [34].

EXERGY, a company based in Italy, which focuses on ORC systems, states that ORCs
have experienced significant growth in the last two decades and are becoming the preferred
technology for geothermal power plants. Furthermore, the urgency to increase energy
efficiency and implement decarbonisation technologies will also drive broader adoption of
ORC:s for waste heat recovery in various industries. The company currently has 57 active
ORC plants producing 485 MWe, of which 22 are implemented for waste heat recovery,
producing 36 MWe [35].

Alfa Laval has smaller ORC systems for implementation in the marine sector to capture
waste heat and produce additional power on vessels. Waste heat from jacket cooling water
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(75 °C) and exhaust gas (550 °C) can be captured with their system, producing up to 200
kWe for larger combined systems [17].

Numerous studies are available for ORCs in domestic applications. Bianchi et al. [36]
published a study on the experimental performance of a micro-ORC system for low-grade
heat recovery and found the system can produce 300—-1200 We with the source temperature
ranging from 65-85 °C, the corresponding cycle efficiency at these operating conditions
ranged between 2.9 and 4.4%.

A follow-up study done by Bianchi et al. [37] investigated the performance and operation
of a micro-ORC energy system using a geothermal heat source. The heat source supplied
hot water at a constant 55 °C to the ORC system, producing about 2.8 kWe at a cycle
efficiency of 4.4%; Bianchi states this is congruent with the state-of-the-art micro-scale
ORC systems.

Wajs et al. [11] did a similar study with the heat source being a domestic gas boiler used
for space heating. The gas boiler was modified to use thermal oil as a heat carrier and
ethanol as the working fluid. The working fluid inlet temperatures to the expander ranged
from 115 °C to 126 °C producing +£710 We with a cycle efficiency between 6 and 7%.
Wajs et al. stated in a later study that the performance obtained with the ORC system is
auspicious and demonstrates its potential [38].

A small-scale solar ORC system used for domestic micro-cogeneration was experimen-
tally characterised by Fatigati et al. [39]. For characterisation purposes, the thermal avail-
ability of a 15 m? solar flat plate collector used for domestic hot water was reproduced
with two 12 kW electric heaters. The variability of solar energy was accounted for, and it
was found that the system produced anything from 150 to 500 We at an efficiency of 2.4
to 4%, respectively. Optimising the operating strategy could allow such a system to cover
up to 11.2% of the yearly required energy of an average European household.

Another solar-driven micro-ORC system for residential application study done by Ancona
et al.[40] found that their ORC system could produce approximately 39% (more than
1150 kWh) of the yearly demand for an average single-family user in Italy. The system
comprised a 32.25 m? solar collector and a 6000 [ storage tank to minimise the solar
radiation fluctuations. The overall cycle efficiency for this set-up was just above 2%.

With the large-scale ORC market firmly established and expanding, giving domestic users
access to micro-ORC systems for waste heat recovery could substantially benefit the cur-
rent trends seen in energy consumption. While current studies on micro-ORC systems
show <10% cycle efficiencies, optimising the equipment used within the cycles, such
as the heat exchanger or expanders, could further increase the efficiency of these cycles.
Wajs et al. [11] stated that micro-scale ORC technology (below 10 kWe) is a technical
challenge because it should comprise highly efficient small-scale expanders and compact
heat exchangers.
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2.3 Manufacturing

Producing these small-scale components proves to be challenging. Klonowicz et al. [41]
found that higher tolerances decreased the efficiencies of their microturbine design due to
larger relative clearances and blade edge thickness. He also stated that the throats of the
supersonic nozzles could pose a manufacturing problem.

With traditional methods like X-ray lithography (LIGA), chemical etching, micro-machining
or electrical discharge machining able to produce these small-scale components, most of
them are time-consuming, restricted to basic designs or requiring more than one process,
like diffusion bonding, to produce more complex small-scale components [25, 27, 28].

2.3.1 Traditional manufacturing methods

This section briefly discusses some traditional manufacturing methods focusing on com-
pact heat exchangers.

X-ray lithography (LIGA)

The acronym LIGA is German and stands for lithography, electroplating and moulding.
The process consists of three steps: deposition of the resist layer onto a conductive sub-
strate, high-energy X-ray exposure and development, and filling and dissolving the resist
mould.

The high-energy X-rays pass through a mask and cure the X-ray sensitive resist layer with
the mask, shaping the projection of the X-rays into the desired shape. After that, the
unexposed resist is removed using a suitable developer, revealing a mould. The mould
and substrate are then electroplated to form the desired parts within the mould. The parts
are post-processed, and the mould is dissolved to produce the final part. More complex
designs may require the process to be repeated several times and to bond the final products
together using processes like diffusion bonding [12, 28].

While compact heat exchangers have been successfully manufactured using LIGA, the
complicated processes and procedures coupled with the costly equipment are the main
barrier to extensive adoption and development for compact heat exchangers [12].

Chemical etching

Chemical etching, also known as photochemical machining (PCM), utilises strong chem-
ical etchants to remove material controlling the dissolution process to produce parts. The
process consists of six steps: cleaning the material, resist coating, UV light exposure,
developing, etching and stripping the remaining resist material [12].

Chemical etching is a suitable manufacturing technology for producing compact heat ex-
changers. It is, however, a tedious process due to the complexity of the related equipment
and operation specifications. More complex heat exchanger designs may also require the
process to be repeated several times before bonding the components together to form the
final heat exchanger [12, 28].

Micro-machining

Micro-machining is similar to traditional machining, where the material is cut, formed,
deformed, removed or bonded with tooling to produce the required part. Micro-machining
is a suitable technique for various materials and is not limited to materials that etch well or

© Central University of Technology, Free State



O

Central University of

CHAPTER 2. LITERATURL . N Technolooy. Free State 11

are good electrical conductors. However, the materials should be soft and ductile enough
for machining [28].

Copper, aluminium and steel are the primary materials used with this technique, while in
applications for extreme operating conditions, titanium or nickel alloys can be substituted.
A study conducted by Lopez de Lacalle et al. [42] found that Ti6Al4V and Inconel 718’s
material properties severely impact these alloys’ machinability. The low thermal conduc-
tivity and reactivity to hard metal are the key contributors to the machinability of titanium
alloy. As for Inconel 718, the main hurdles for machinability are the hardness, coupled
with the mechanical hardening during the cutting process.

The specialised tooling, tool life, material utilisation, material handling and fabrication
cost are all obstacles concerning the technology development [12, 25, 43].

Electrical discharge machining (EDM)

Micro EDM is similar to electrical discharge machining (EDM), also known as spark
machining, spark eroding, die sinking, wire burning or wire erosion. It shares the same
working principle, with the key differences being tool size, fabrication method, gap control
and machining technique.

EDM is primarily used to machine electric conductive metals and can be classified into
three variants: Drill EDM, wire EDM and die-sinking EDM. The working principle of
EDM is to remove material from the workpiece using rapidly recurring current discharges
(sparks). These sparks occur between the workpiece (anode) and electrode tool or wire
(cathode) separated with a dielectric fluid; either deionised water or erosion oil is used
[12].

EDM is a suitable machining technique for hard materials such as titanium or workpieces
of particular thickness. Its non-contact aspect gives it the ability to produce extremely
thin parts. The main drawbacks of EDM include the material limitation, electrically con-
ductive, and slow material removal rate, making it particularly unsuitable for large-scale
production [44].

Microforming

Microforming entails various manufacturing methods, including micro-tube drawing, micro-
stamping, micro-embossing, micro-hydroforming, micro-extrusion and micro-rolling. Higher
material integrity, productivity and less waste contribute to this manufacturing technique’s
lower manufacturing costs.

This technique is suitable for prototyping, low- or high-volume production and compact
heat exchangers, suitable for manufacturing micro-tubes and micro-channels. Downscal-
ing the conventional process does, however, introduce new manufacturing difficulties. The
increase of the frictional resistance between the work piece and tooling causes a decrease
in the forming limit, while with micro-hydroforming, the process is heavily dependent on
specialised equipment. The technique is also unsuitable for hole or ditch fabrication with
large depth to width ratios or difficult-to-deform billets and is also limited to basic designs
for micro-channels [12].
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2.3.2 Additive manufacturing

From a practical perspective, fabricating complex small-scale components directly in bulk
materials tends to be more profitable. Thus additive manufacturing is considered a viable
manufacturing technique, especially for ultra-high temperature materials [12].

Additive manufacturing comprises different technologies used for manufacturing physi-
cal objects by successive addition of materials layer by layer. Additive manufacturing is
used for various applications in engineering, medicine, architecture, toys, entertainment,
education and cartography [45, 46].

The global AM market is expanding rapidly, up from USD 6 billion in 2016 to USD 13.7
billion in 2020, with expected growth reaching 63.46 billion USD by 2026, at a compound
annual growth rate of 29.48% [47, 48].

With numerous AM technologies available, each with its own processes, advantages, ap-
plications and equipment, standards were developed by ISO/TC 261 and ASTM F42 to
standardise terminology associated with AM. Seven of these AM processes were cate-

gorised and these are listed in Table 2.2.

Table 2.2: Process categories of additive manufacturing

AM Technology

Process

Manufacturing
Techniques

Application

Materials

Binder Jetting (BJT)

Direct Energy
Deposition (DED)

Material Extrusion
(MEX)

Material jetting (MJT)

Powder Bed Fusion
(PBF)

Sheet Lamination
(SHL)

A liquid bonding agent
is selectively deposited
to join powder
materials.

Focused thermal energy
is used to fuse materials
by melting as they are
deposited.

Material is selectively
dispensed through a
nozzle or orifice.

Droplets of feedstock
material are selectively
deposited.

Thermal energy
selectively fuses
regions of a powder
bed.

Sheets of material
joined layer by layer
using adhesive, welding
or thermal bonding.

© Central University of Technology, Free State

Laser engineered net
shaping (LENS)

Fuse deposition
modelling (FDM),
Pellet additive
manufacturing (PAM),
Bound metal deposition
(BMD)

Drop-on-demand
(DOD), PolyJet
technology
NanoParticle Jetting
(NPJ)

Direct metal laser
sintering (DMLS),
Electron beam welding
(EBM), Selective heat
sintering (SLS),
Selective laser melting
(SLM), Selective laser
sintering (SLS)

Laminated object
manufacturing (LOM),
Ultrasound additive
manufacturing (UAM)

Functional metal parts,
low-rate production run
of non-critical
components

Functional metal parts,
repairs, adding material
to existing parts

Functional metal parts,
prototyping

Prototyping, tooling,
low-volume production

Functional metal parts,
functional prototyping

Non-functional
prototypes, casting
moulds, hybrid
manufacturing

Metals, sands,
polymers,
ceramics and
composites

Metallic
feedstocks,
ceramics and
polymers

Polymers, food,
living cells

Polymers,
Ceramics,
composite,
plastics

Metallic
feedstocks,
ceramics,
polymers and
composites

Metals, Plastic,
Papers
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Table 2.2: Process categories of additive manufacturing (continued)

AM Technology Process Manufacturing Application Materials
Techniques
VAT Selectively curing of Stereolithography Prototyping, Polymers,
Photopolymerisation photo-reactive (SLA), Digital light engineering plastics and resin
(VPP) polymers using a laser, processing (DLP), applications
light or ultraviolet light ~ Carbon digital light
{uv) synthesis (DLS)

Most common materials and techniques listed

Sources: [45, 46, 47, 49]

This paper will not discuss the AM processes mentioned above due to the overabundance
of literature in this area. The book by Gibson et al. [50] and reviews done by J.R. Mc-
Donough [31] and Ngo et al. [51] give a detailed overview of these processes.

The method of interest for this study is DMLS. The process involves a thin layer of metal
powder spread across the build plate and fused with a laser beam. The process is repeated
for each layer of the part. The excess powder is removed, and the parts can proceed to
post-processing. A basic depiction of the process can be seen in Figure 2.2. The Centre for
Rapid Prototyping and Manufacturing (CRPM) at the Central University of Technology
also uses the DMLS process to produce parts directly in metal.

Advantages of AM

Conflux Technology, a world-leading AM company pioneering thermal and fluid appli-
cations, used the advantages of AM to produce an additive manufactured heat exchanger
for application in F1 motorsport. The freedom of design enabled them to optimise their
design, offering three times more heat rejection at a third of the pressure drop when bench-
marked against traditional manufactured motorsport heat exchangers. A 55 mm reduction
in length was also achieved, reducing the weight by 22% [7]. The chief product officer at
Conflux Technology, Dan Woodford, stated in a recent article, “AM can offer a significant
impact in the energy industry due to its potential for increasing heat transfer efficiency”
[19].

Similarly, Zhang et al. [52] produced an additive manufactured manifold micro-channel
heat exchanger for high-temperature applications and found an increase of 25% in heat
transfer density compared to that of best conventional plate fin heat exchanger designs.
Bacellar et al. [53] developed a proof of concept for a 1 kW air-to-water heat exchanger
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Figure 2.2: Basic schematic of a DMLS process. (Adapted from [31])
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design employing small characteristic lengths with novel shapes. Bacellar found that an
approximately 20% reduction in size and air pressure drop, an approximate 40% reduction
in material volume, and an approximate 2% reduction in face area was achieved, compared
to that of their state-of-the-art baseline heat exchanger. With shape optimisation, a poten-
tial of 50% reduction in size and 70% reduction in material usage could be achieved.

The advantages AM offers regarding heat transfer are listed and briefly discussed below.
An in-depth overview can be found in studies done by McDonough [31] and Ngo [51].

e Design freedom:
AM allows for more complex designs as it is not limited to the constraints of conventional
manufacturing methods.

o Volumetric design:
Designs can be optimised to reduce weight in ways not achievable with conventional manu-
facturing.

e New channel designs and secondary/tertiary surfaces:
More complex geometries for channel designs can be readily achieved.

e Optimised shapes:
Heat transfer devices can be designed to fit unusually shaped envelopes.

e Direct realisation of computer models:
Physical prototypes can be directly manufactured from CFD-optimised CAD models.

o Weight reduction and part consolidation:
Manufacturing complex geometries as a single part could lead to weight reduction. Multi-
part integration is also possible with AM, integrating a heat exchanger into other unit oper-
ations, like a micro-turbine.

e Customisation cost and reduced lead time:
Rapid design iteration review and fabrication time is another advantage of AM. The fabri-
cation cost is also independent of the actual design. The cost remains the same regardless of
design complexity.

Challenges with AM

Despite the benefits of additive manufacturing, such as the freedom of design, customi-
sation and the ability to print complex structures, there are a few drawbacks. These in-
clude high costs, limited applications in large structures and mass production, inferior and
anisotropic mechanical properties, and limitation of materials and defects [12].

The challenges experienced with AM are listed below and briefly discussed; detailed dis-
cussions on the challenges of AM are available from studies done by McDonough [31]
and Ngo [51].
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o Void formation:
Void formation can occur between subsequent layers of material, reducing the interfacial
bonding and negatively impacting the mechanical performance of the manufactured part.

e Anisotropic microstructure and mechanical properties:
The layer-by-layer manufacturing technique of AM results in different microstructures found
within the material to that of the boundaries between the layers. These differences cause
different mechanical behaviour when the part is subjected to load in the vertical versus the
horizontal direction.

e Divergence from design to execution:
Tessellation concepts are typically employed by a CAD system to approximate the model
when transferring from CAD to an AM format, often resulting in inaccuracies and defects,
especially for curved surfaces. This can be resolved to some extent with very fine tessel-
lation; however, the computed processing of the model and manufacturing will be time-
consuming and complicated.

e Surface roughness:
The typical surface roughness of additive manufactured parts is greater than that of con-
ventional manufacturing technologies. While beneficial for heat transfer in laminar flow, it
results in a more significant pressure drop. Post-processing could improve surface finishes
but is limited to the outside or accessible areas of the part and increases the processing time
and cost.

o Powder removal:
Powder removal is crucial, as the trapped powder can sinter during manufacturing, post-
processing or high-temperature operation, leading to design deviations, malfunctions, and
failures. This is critical in heat transfer applications as the heating or cooling capacity would
be altered.

o Wall thickness:

Reducing the resistive-thermal loss is crucial for the performance of compact heat exchang-
ers and can be achieved by thinning the walls of the channels. This, however, results in
distortion of the walls and wall porosity. Porous walls could lead to fluid leakage or fluid
mixture, which is undesirable in most cases. The main factors influencing the achievable
wall thickness include the build orientation, warping tolerances, repeatability, and reliability
of the manufacturing process. However, optimising the manufacturing process to achieve
thin walls can be time-consuming.

Materials

The AM process can utilise various materials, including, but not limited to, metals, alloys,
polymers, composites, ceramics, and concrete [51]. The most commonly used materi-
als in metal AM are steel or iron-based alloys, titanium and its alloys, and nickel-based
alloys. For heat transfer applications, metals or alloys are preferred due to their higher
operating temperatures and thermal conductivities. A comprehensive list of commonly
used materials, properties and their respective AM process can be found in [30] and [54].

The high thermal conductivity of copper and aluminium, generally preferred in heat trans-
fer applications, poses additional material handling challenges for AM. As a result of the
rapid cooling experienced during the additive manufacturing process, micro-cracks tend
to develop when producing parts with high-strength aluminium alloys. Copper’s high
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thermal conductivity rapidly conducts heat away from the melt pool leading to tempera-
ture gradients, potentially inducing additional stress build-up within the part, promoting
cracks and delamination. Furthermore, copper typically exhibits low absorption of tradi-
tional wavelength heat sources due to its high surface reflectivity [31].

Titanium and its alloys are thoroughly studied and commercially used in various indus-
tries, including the aerospace and biomedical fields [51]. Studies have found that additive
manufactured components produced with Ti achieved similar mechanical properties com-
pared to those of their cast equivalents [54]. Shi et al. [55], reported relative densities up
to 99.95% for Ti6Al4V (Ti64) using the SLM process with an ultimate tensile strength
and optimal yield strength of 1150 MPa and 1200 MPa, respectively. Vandenbroucke and
Kruth [56] achieved a relative density of 99.98% with Ti64.

Titanium’s exceptional corrosion and erosion resistance, coupled with its low thermal
expansion coefficient, makes it a highly suitable material for heat transfer equipment
[31, 42, 57]. A study conducted by Arie et al. [58] on the experimental characterisa-
tion of an additive manufactured heat exchanger for dry cooling of power plants. Three
heat exchangers of the same geometric design were produced, each in different materials,
one in stainless steel (SS17-4), the second in titanium (Ti64) and lastly in aluminium alloy
(A1Si110Mg) using the DMLS process.

The high thermal conductivity of the aluminium alloy led it to have the highest heat ex-
changer capacity, up to 400 W, followed by stainless-steel - 300 W and titanium - 200 W.
Regarding pressure drop, the Ti64 heat exchanger exhibited a significantly lower pressure
drop, 50-2000 Pa compared to that of the AISilOMg and SS17-4 heat exchangers’ pres-
sure drop of 200-7000 Pa. With pressure drop primarily dependent on geometry and not
material properties, it was found that the deviation was caused by manufacturing inaccu-
racies, as mentioned earlier.

The quality of the micro-channels and fins were also assessed for all three heat exchangers
and it was found that the Ti64 had a 20% deviation from the design specifications, while
the AISil0Mg and SS17-4 exhibited even more significant deviations from the design
specifications.

Although the heat transfer capacity of a heat exchanger manufactured from Ti64 is lower
than that of other more suitable heat transfer materials like AISi10Mg or SS17-4, com-
pared to conventional heat exchangers, the Ti64 heat exchanger showed superior perfor-
mance. An increase of approximately 27% in the gravimetric heat transfer density com-
pared to that of a state-of-the-art dry cooling heat exchanger for application in power plants
was reported. Furthermore, the high strength of Ti64 allows heat exchanger channel walls
to be thinned down, decreasing thermal resistance and increasing the heat transfer [59].

2.4 Compact heat exchangers

In heat exchangers, the ratio of the actual heat transferred to the maximum possible heat
transfer is known as the effectiveness of the heat exchanger [60, p. 613—622]. The high
effectiveness achievable with compact heat exchangers is especially beneficial when im-
plemented with power-producing or power-consuming systems [26].

Compact heat exchangers have a very high ratio of heat transfer area to the overall heat
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exchanger volume, typically greater than 700 m?/m? for gas-gas heat exchangers and
greater than 400 m?/m? for liquid-gas applications. This enables these types of heat
exchangers to offer a much higher heating and cooling load due to their higher heat transfer
area and heat transfer coefficient compared to their counterparts [3, p. 6].

A widely used channel size classification is proposed by Mehendale et al. [61, 62]:

e Micro-scale - 1-100 um (micro-structured heat exchanger )

e Meso-scale - 100 pm — 1 mm (meso- or milli-structured heat exchanger )
e Macro-scale - 1-6 mm (compact heat exchanger )

e Conventional - > 6 mm (Conventional heat exchanger )

Counterflow heat exchangers have some advantages over parallel-flow heat exchangers
(also known as co-flow heat exchangers). As seen with the temperature profiles in Figure
2.3, the temperature of the cooling fluid can be raised to a higher temperature than the
hot fluids’ exit temperature, in effect having a larger temperature range [60, p. 613—622].
This results in less required surface area for the same amount of heat transfer compared to
parallel-flow heat exchangers. Furthermore, fewer thermal stresses are introduced as the
temperature difference between the fluids is more uniform throughout the heat exchanger;
this also ensures a more uniform heat transfer rate [63]. ALFA LAVAL is a company which
uses compact counterflow heat exchangers for heat recovery systems, stating that they
are five times more efficient than shell-and-tube heat exchangers, making heat recovery
profitable even where the energy sources have traditionally been deemed worthless [17].

With the freedom of design AM offers, engineers have the opportunity to improve the
heat transfer process and minimise pressure drop while reducing the size, weight and parts
required to produce these types of heat exchangers [19, 24].

c -FI
—=
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Bout <—
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Bin Bin

Figure 2.3: Schematic representation of co-flow (left) and counterflow (right) heat ex-
changers and their respective temperature profiles. (Adapted from [64])
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2.5 Conclusion

This chapter reviewed available literature on ORC and micro-ORC systems and found that
even with a cycle efficiency lower than 10%, micro-ORC systems can produce upwards
of 11% of an average household’s yearly energy usage. Implementing higher-efficiency
small-scale expanders and compact heat exchangers within these systems could further
improve low-grade waste heat recovery performance. Traditional manufacturing methods
for compact heat exchangers either limit the design complexity or require more manufac-
turing processes, incurring additional costs and time penalties.

Additive manufacturing is the collective term used for various process technologies. With
numerous studies reporting positive results for AM within the heat transfer sector, AM is
deemed a viable method for producing intricate compact heat exchangers in various ma-
terials. The advantages of AM allow engineers and designers to explore new possibilities
of designs previously not possible with traditional manufacturing methods. Table 2.2 lists
these technologies with their application and viable materials.

Challenges are present with any manufacturing technology and AM is no different. Void
formation, powder removal, surface roughness and wall thickness are some of the chal-
lenges experienced with AM. These challenges can be overcome with process and design
optimisation; however, this leads to additional processing time.

A reasonable amount of materials are available for AM, and the study focused on the use
of Ti64 for the manufacture of a compact counterflow heat exchanger. Although titanium
is not the first material to come to mind when considering heat transfer, numerous studies
have utilised Ti64 for additively manufactured compact heat exchangers and found good
results compared with conventional designs. Ti64 is well-studied and optimised for AM,
making it a good choice when considering proof-of-concept experimental research using
AM as the manufacturing method for compact heat exchangers. Literature on additively
manufactured compact heat exchangers and micro-ORC systems is readily available, with
no mention of additively manufactured compact heat exchangers for application in ORC
systems.
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Chapter 3

Modelling and Design

3.1 Introduction

Effective modelling of the heat exchanger enables accurate predictions of the manufac-
tured heat exchanger’s performance. These predictions can be used to compare different
scenarios and designs so that the optimal designs can be chosen for manufacturing. Mod-
elling the heat exchanger beforehand thus saves time, cost and material. The theoretical
procedure for modelling the compact counterflow heat exchanger is described in this chap-
ter.

The model formulated for this research would also guide future research and aid in future

design procedures for compact counterflow heat exchangers for additively manufactured
ORC:s.

3.2 Modelling and Design Overview

The model should accurately predict the heat transfer and pressure drop within the heat
exchanger by identifying its material characteristics, channel geometry and input vari-
ables. The predicted results would then be compared to the required results for the heat
exchanger and, if necessary, be adjusted accordingly.

A study by Hasan et al.[65] states that channel shape, size and length significantly influ-
ence fluid flow and heat transfer. In their study, Hasan et al. explored various channel
shapes and found that circular channels gave the best overall performance.

The design methodology used is based on the methods presented by [6, 66]. The theoreti-
cal design results were compared against the experimental results as discussed in Chapter
6. This would indicate if the formulated theoretical model is valid for designing additive
manufactured compact counterflow micro heat exchangers for application in micro ORCs.

The main objectives governing the design of the heat exchanger are to maximise the heat
transfer and minimise the pressure drop whilst keeping the heat exchanger to an acceptable
size. Raising the heat transfer increases the pressure drop through the heat exchanger.
Thus the design should be well balanced between heat transfer and permissible pressure
drop.

19
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3.3 Design Theory

The overall heat transfer rate can be calculated using the following equation when both
inlet and outlet temperatures are known [6]:

q = UAAT 3.1)

where U is the overall heat transfer coefficient, A the total heat transfer area and AT the
overall temperature difference between the fluids. The conductance U A can be calculated
by means of the following expression[6, 66]:

1
UA= T ~ T (3.2)
nolhlAwall kAwall 7702h2Awall
where ﬁ represents the convective resistance and k—j‘” the conduction resistance, h as the

convective coefficient, Az the material thickness, k£ the material’s thermal conductivity
and 7, the surface efficiency of the fin array. The convective coefficient h can be calculated
using the following equation:

B —

D, (3.3)

where k is the thermal conductivity of the working fluid, Nu the Nusselt number, and D,
the hydraulic diameter.

The Nusselt number correlation should be correctly chosen for the type of flow and rough-
ness of the tube. The following equations can be used for determining whether the flows
in the channels are fully developed or developing [67]:

L. = 0.06 Re Dy, for laminar flow (Re < 2300) (3.4a)
L. = 4.4Re*° Dy, for turbulent flow (Re > 4000) (3.4b)

L, represents the channel’s hydrodynamic entrance length. Developing flow occurs up to
the point of the entrance length, called the entrance region. Developing flow has a thinner
boundary layer which aids in the total heat transferred.

Careful consideration should be taken when selecting a Nusselt number expression, as
many equations and correlations exist for calculating the Nusselt number. Sources ex-
plored include equations from Sieder and Tate, Gnielinski, Nusselt, Dittus and Boelter
and many more, all with different degrees of accuracy [66].
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The most common expression used to calculate the Nusselt number for turbulent devel-
oped flow in smooth tubes as recommended by Dittus and Boelter is [6]:

Nu = 0.023Rej; Pr" (3.5)

All properties in the equation are evaluated at the mean bulk temperature, and the exponent
n has the following values:

0.4  for heating of the fluid

0.3  for cooling of the fluid

With the Reynolds number also evaluated at the mean bulk temperature and the hydraulic
diameter:

DG

RGDh = (36)

Dy, represents the hydraulic diameter, G is the mass velocity and p the dynamic viscosity.

The hydraulic diameter for any given channel can be obtained from the following equation:

4Acs
D, = (3.7)
p
A, represents the cross sectional area of the channel and p the wetted perimeter.
(5, the mass velocity, can be obtained with the following equation [6]:
m
G=— 3.8
A (3.8)

with 712 being the mass flow rate through the channels and A. the free flow area.

The effectiveness-NTU method was used for the analysis and design as the exit tempera-
tures were unknown. The LMTD method requires an iterative procedure for analysis with
unknown temperatures. The heat transfer rate is calculated as follows [6]:

q= mhcph(Thi - Tho) = mccpc(Tco - Tcz) (39)
where ¢ represents the heat transfer rate, 7 the respective mass flow rate, ¢, the specific
heat of the fluid and 7;; T, the inlet and outlet temperatures.

The effectiveness (¢) of a heat exchanger can be defined as the ratio of actual heat transfer
(¢g) to the maximum possible heat transfer (g,,..), given by [6]:

(3.10)
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Gmaz can be calculated with:

Qmaz = (mc>mzn (Thz - Tcz) (311)

where the term ric is known as the capacity rate (C') and the minimum fluid (C,,,;,,) can be
either the hot or the cold fluid.

Ch(Thi - Tho) (Thz - Tho)
— — 3.12
T (T — T) (T — Tt) (3.12)

Cc (Tco - Tcz) (Tco - Tcz)
Ec = = 3.13
Cc(Thi - Tcz) (Thz - Tcz) ( )

The effectiveness can also be generally expressed as follows:

AT (minimum fluid)
€= - - -
Maximum temperature difference in heat exchanger

(3.14)

The minimum fluid always experiences the larger temperature difference [6].

Additionally the effectiveness of a counterflow heat exchanger can also be calculated using
the following expression [6]:

1 —exp[-NTU(1 — C*)]

= fi <1 1
cTIo Crexp[-NTU(1 — C*)] or €7 < (3-153)
NTU .

Where NT'U is the number of transfer units and can be obtained with:

A
NTU = u ‘ (3.16)
and C* the capacity ratio:
C. .
o =" 3.17
Cma:c ( )

The vertical walls within the core of the heat exchanger act as fins with no convection at
the tip, and their efficiency is calculated with:

_ tanh(mlL)

T (3.18)

i
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with L the fin length and m:
hP;
= 3.19
m=\| i (3.19)

The convective heat transfer coefficient () is assumed to be similar to the wall convective
coefficient [66]. P is the fin perimeter, and A, the fin cross-sectional area.

The fin efficiency is the ratio of actual heat transferred by the fin (¢;) to the maximum
possible heat transfer by the fin (¢pmqz), calculated with:

Qfmaz = WP L(T, — Tw) (3.20)

where 7}, represents the temperature of the base (in this case, the horizontal wall), and 7',
the free stream temperature.

The surface efficiency of the fin array 7, can be obtained with:
N =1—(1—mns) — (3.21)
with Ay as the exposed fin area and A; as the total heat transfer area [3].

For the calculation of the core pressure drop in the compact heat exchanger, the most
commonly used expression comes from Kays and London [68]:

AP G? ? V2 Aht (% (%)

— = — — | (K. +1— 2 21 —-1 (1= 2—Ke—

P 29 P ( - 0>+ (Ul >+fF Ao vy ( 7 )Ul}
(3.22)

with the term (K. + 1 — 0?) being the entrance effect, K, represents the entrance loss
coefficient and is calculated with:

K,.=0.42(1 — 0?)? (3.23)

o 1s the ratio of the free-flow area to the frontal area.

The term, 2 (g—j — 1) represents the flow acceleration, where v, and v; are the entering

and exiting specific volumes. The term defines the core friction: f F% - %—T

fr represents the core Fanning friction factor, Ay, represents the total heat transfer area,
A, is the free-flow area and v,, is the mean specific volume. Kays and London suggest
U = 3(v1 4 v2) for C* near unity.
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The core Fanning friction factor is calculated with the following equation [69]:

Nt ) 1/12
With A and B
1 16
A= {2457 2
l N T eyie + 0.275/0[} (3-252)
16
B= (37;:0) (3.25b)

The last term of the expression represents the exit effect, (1 — 02 — K, e):}’—j, with K, being
the exit loss coefficient and calculated by:

K. (1—0)? (3.26)

3.4 Numerical Simulation

3.4.1 Engineering Equation Solver

Engineering Equation Solver (EES) was used to implement the above-mentioned theoret-
ical model and find the design parameters for the CAD design. Performance comparisons
of different design configurations can be plotted within EES, and the optimal theoretical
design parameters can be identified. Channel size, length and wall thickness were altered
and compared to the baseline design. The initial baseline design selected for performance
comparisons is shown in Table 3.1. The results shown here indicate whether the baseline
design changes have a positive or negative effect on the heat exchanger’s performance.
The theoretical EES model for the baseline design can be seen in Appendix D.

Table 3.1: Baseline characteristics

Controlled Variables

Input Output

Cold Fluid Temperature +20 °C  Calculated
Warm Fluid Temperature +60 °C  Calculated
Cold Fluid Pressure  +1 bar Calculated
Warm Fluid Pressure +1 bar Calculated
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Table 3.1: Baseline Characteristics (continued)

Fixed Variables
Value
Mass Flow Rate 1-10 I /min
Channel Height 0.5 mm
Channel Width 0.5 mm
Channel Length 30 mm
Channel Wall Thickness 0.5 mm
Number of Channels 220

3.4.2 Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) was used to further analyse the heat exchangers
and better understand the fluid flow within the core. This, however, did not influence the
heat exchanger design and was done post-experimentation. The Flow Simulation add-
in package from SOLIDWORKS was used for the CFD analysis. SOLIDWORKS Flow
Simulation uses the Navier-Stokes equations, turbulent models, and models for physical
phenomena for numerical simulation [70].

Fluid Regions

The Navier-Stokes equations solve the fluid regions with turbulent flow predicted with the
Favre-averaged Navier-Stokes equations. The Governing equations are made up of mass,
momentum and energy conservation laws:

dp  9(pus)

o " o, (3.27)
a(puz) 0 oP B o R
ot o, (pujuy) + 5w, = o) (1ij + 7) + S; (3.28)

OpH | Opuill 0 R op  _pOu
ot + oz, = a—xz (Uj(Tz'j + Tij) + Qi) + T Tij oz, + pe+ Siu; + Qg (3.29)
with )
U
H=h+ —
+ 2

P
OpE Ipus (E + ;) 9 ou;
ot + oz, = O, (Uj(Tij + Tilj%) + Qi) — Ti?axj + ps + Siu; + Qp (3.30)
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with
u?

E= —
e+ 5
where Equation 3.27 represents continuity, Equation 3.28 represents the Navier-Stokes
equation for momentum and Equation 3.29 represents the energy conservation law; energy
Equation 3.30 is used for calculation of high-speed compressible flows and flows with
shock waves.

Transport equations for the turbulent kinetic energy and its dissipation rate are employed
using the modified k£ — ¢ model proposed by Lam and Bremhorst [71]. This model with
damping functions describes laminar, turbulent, and transitional flows of homogeneous
fluids applying the following turbulence conservation laws:

Opk | Opku; _ 0 pe\ Ok R OU;
ot " Oox; Oy (<M+ o‘k> 5’x»> +Tma — pe + wPp, (3.31)

Ops  Opeuy 0 Os €
i‘*’ P - ((U‘*’&) Oz ) +C£1 (fl 1]6 +CB;utPB) 2 52p_

ot al’l 8332 O¢
(3.32)
Tij = MUSij,
B 2 .
Tij = Hisij — 5Pk, (3.33)
= — 25—
%3 Ox; + Ox; 3 "7 0x
1
Py 9100 (3.34)
op p Ox;
where:
CM:009 o, =1 Cle ’Lf P >0
C. =144 o. =13 Cg=0 if Pg<O0
C.o =192 o =09
turbulent viscosity is determined by:
/<32
— 1, “p (3.35)

The Lam and Bremhorst damping functions f,, fi and f; are determined by:
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20.5
fu — (1 o 6—0.025Ry)2. (1 + I ) (3.36)
t
0.05\°
=14+ (==
h ( Ju ) (3.37)
fo=1- GRg
with:

_phy

Ry=" (3.38)
k2
R, = ’;—8 (3.39)

where y represents the distance from point to wall. The approach reverts back to the
original k — e model if f, =1, f1 =1, fo = 1.

Heat flux is defined by:

qz-:(“+ﬂ) Oh 493 (3.40)

Pr  o.) Ox;

where o. = 0.9, Pr is the Prandtl Number and h is the thermal enthalpy.

Computational tasks are finally specified by the definition of their geometry, boundary and
initial conditions, all of which are defined on the native CAD model.

Solid Regions

Heat conduction and direct electrical current are the two kinds of physical phenomena
that SOLIDWORKS Flow Simulation calculates within solid regions, where the resulting
Joule heating represents the heat source in the energy equation [72]. Equations 3.29 and
3.30 describe the heat transfer in fluids with Equation 3.40 defining the heat flux.

The solid media heat conduction phenomenon is described by:

dpe _ 0 () 0T

)\’6_1“2) +Qn (3.41)

The specific internal energy: e = ¢ - T" with ¢ representing the specific heat; QQ is the
specific heat release/absorption rate per unit volume. J\; are the eigenvalues of the thermal
conductivity tensor and are presumed diagonal in the considered coordinate system. \; =
Ay = A3 = A for an isotropic medium. The specific Joule heat release (();) may be
included in Q7 with the presence of electric current and is defined by Q; = r - j2; with j
representing the electric current density.
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The electric current density vector (i) Equation3.42 is determined from the steady-state
Laplace Equation 3.43 via the electric potential ¢[V]:

. 1 0p 1 0p 1 Op

1= (7‘11 0x1 ’ T29 61’2’ T33 0x3> (342)
0 (1 0p\
o (r— a@) =0 (3.43)

where 7;; represents the temperature-dependent electrical resistivity in the i-th coordinate
direction.

Sub-domains containing electrically conductive materials are solved numerically with the
Laplace equation, where dielectric solids and fluid areas are automatically excluded in
such sub-domains. A boundary condition specifying the total electric current over a sur-
face area I[A] or electric potential ¢[V'] may be set by the user.

Zero resistance is considered by default between two electrically-conductive solids within
the sub-domain if no user electrical-contact resistance is specified. Specifying a contact
resistance on a surface produces corresponding Joule heating as current passes through,
which results in a surface heat source.

Thermal contact resistances between several solid materials within a single solid are con-
sidered when calculating heat conduction, and as a result a solid temperature step appears
on the contact surfaces. This also applies to a solid in contact with a fluid and is specified
via the material’s thermal conductivity and layer thickness.

Calculating the energy exchange between a solid and fluid is done via the heat flux in the
normal direction of the solid/fluid interface with various factors taken into account, such
as surface temperature, fluid boundary layer and radiation heat exchange.

Boundary Layer

An original Two-Scale Function (2SWF) approach is used to couple the boundary layer
calculation with the solution of the bulk flow. The approach consists of two methods;
namely, the thick-boundary-layer and thin-boundary-layer approach.

The thick-boundary-layer approach is used when sufficient cells are within a boundary
layer (>10). Laminar boundary layers are solved as part of the core flow calculations
with the Navier-Stokes equations, and turbulent boundary layers are solved with a mod-
ified wall-function approach. The modified wall-function utilises the full velocity profile
instead of the logarithmic profile as proposed by Van Driest [73].

Ys ,
o / 2 dy, (3.44)
0

2
ViUt g2 [ exp ()]

where k£ = 0.4054 is the Karman constant and A, = 26 is the Van Driest coefficient; the
other assumptions are as with the classic wall function approach.
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The thin-boundary-layer approach is used if the number of cells within a boundary layer
is insufficient for flow and thermal profile determination. This approach incorporates the
Prandtl boundary layer equations along the wall and are solved within the fluid flow paths
along the walls.

Successive approximations based on the Shvetz trail functions technology are used to solve
laminar boundary layer equations [74]. Whereas, turbulent or transitional boundary layers
are solved with a generalisation of this method, where Van Driest’s hypothesis on the
mixing length in turbulent boundary layers is used [73].

Semi-empirical coefficients are used to account for the impact of surface roughness and
turbulence in the external flow on the boundary layer. These coefficients help adjust the
calculations of wall shear stress and the heat flux from the fluid to the wall. Correspond-
ing empirical and semi-empirical models are also employed to account for various body
forces, fluid compressibility, and turbulent kinetic energy dissipation.

The boundary layer thickness (), heat flux from the fluid to the wall (¢¢,), and the wall
shear stress (7)) form part of the boundary conditions for the Navier-Stokes equations,
which are obtained via SOLIDWORKS Flow Simulation from the boundary layer calcu-
lations.

Tw = Tos (3.45)

Quw = Qs (3.46)

The turbulence equilibrium condition in the near-wall computational mesh cell determines
the boundary conditions for % and ¢:

g—]; =0, (3.47)
B 03.75k1.5
£ = TRy (3.43)

A compilation of the approaches are also used in intermediate cases. See the white paper
of Sobachkin and Dumnov [72].

The CAD models were set up similarly for CFD, with the same parameters and goals.
Table 3.2 shows the summarised setup used for the baseline model. A full report of the
CFD set-up can be seen in Appendix E. A basic mesh was used for the heat exchanger,
while a local mesh was created for analysing the heat exchanger core (c.f. Figure 3.1).
Boundary conditions were added for the flow inlet and outlets with their respective goals.
Additional goals were added to capture the required data, temperature for the solid and
fluids, and velocity for the fluids.
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Table 3.2: CFD set-up parameters for baseline model

Computational Domain

Control planes in X direction -0.028 mm Min
0.028 mm Max
Control planes in Y direction -0.007 mm Min
0.007 mm Max
Control planes in Z direction -0.056 mm Min
0.056 mm Max
Mesh Settings
Basic Mesh
Automatic initial mesh Off
Number if cells in X 20
Number if cells in Y 10
Number if cells in Z 46
Small Solid feature refinement level 2
Local Mesh
Solid/fluid interface refinement level 1
Narrow channels refinement On
No. of cells across a narrow channel 10
Maximum channel refinement 4
Number of Cells
Cells 5039 158
Fluid Cells 2712 255
Solid Cells 2326903

Figure 3.1: Local mesh plot: 0.5 mm design
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3.5 Summary and Conclusion

A theoretical model was developed for implementation in EES to numerically simulate
the performance characteristics of an additively manufactured compact counterflow heat
exchanger. The model was used to identify the design parameters for the heat exchanger
design. A baseline model was identified and used to compare different design aspects,
discussed in Chapter 6. The numerical simulation was also set up to accommodate differ-
ent fluids and fluid states. For further analysis of the fluid flow and heat transfer within
the heat exchanger core, a summary of the initial setup for CFD was also included in the
chapter.

The next chapter discusses the CAD design and design considerations to consider for
designing for additive manufacturing. The experimental investigation chapter (Chapter 5)
describes the validation for the theoretical model and numerical simulation presented in
this chapter.
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Chapter 4

Design and considerations for additively manufactured
heat exchangers

4.1 Introduction

This section discusses the design of the heat exchangers for additive manufacturing (AM),
which includes the design considerations. This chapter also discusses significant difficul-
ties experienced during the manufacturing process and some possible solutions.

4.2 CAD design

The heat exchangers’ initial computer aided design (CAD) was developed following the
theoretical model described in Chapter 3. With guidance from the Centre for Rapid Proto-
typing and Manufacturing (CRPM) team at Central University of Technology, Free State,
these designs were prepared for AM. The heat exchangers consist of an array of square
channels differing in length and size. The channel wall thickness was initially fixed be-
tween the designs. After review, they were changed to reduce warpage and ensure the
integrity of the channel walls within the heat exchanger core, resulting in different thick-
nesses chosen for the 1 mm and 2 mm designs. This allowed the author to experimentally
compare the effect of channel length, channel wall thickness, and channel size on heat
transfer and pressure drop characteristics.

For ease of experimental testing, the fluid inlets and outlets were kept on the same side;
the working fluids are split respectively within the manifolds into rows of channels. Figure
4.1 shows the fluid subdomains within the heat exchanger. The target heat transfer capac-
ity for the baseline design was 2 kW. The eventual designs, influenced by cost, additive
manufacturing options and constraints, containment of internal leakage and limitations in
budget and schedule, led to heat transfer capacities of 2.1 kW, 1.84 kW and 1.9 kW for the
0.5-, 1- and 2 mm channel size heat exchangers respectively.

Cogy I

(&5
g

\\l_/‘\‘

Figure 4.1: Fluid sub-domains
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ITEM — - ITEM - -
NO. DESCRIPTION NO. DESCRIPTION
1 Heat Exchanger 2 Bolt on Cover
3 M4 Threaded Rod 4 M4 Nut

Figure 4.2: Baseline design: exploded view

A bolt-on cover was incorporated into the design for ease of access to remove residual
powder after manufacturing. The cover further allows servicing and inspecting the heat
exchanger core during its life (cf. Figure 4.2).

Vertical overhangs were chamfered 45° where possible to ensure ease of manufacturing
and to mitigate the need for supports. 1/4” BSP thread was added to the heat exchangers’
inlet and outlet nozzles, eliminating the need for thread cutting during post-processing.

4.2.1 0.5 mm heat exchanger

The 0.5 mm heat exchanger core consists of 220 square channels in an array of 11x20
with a channel size of 0.5x0.5 mm; this design’s estimated heat transfer rate is 2100 W.
The heat exchanger has a 1 mm thick outer wall with 0.5 mm thick walls separating the
channels. Overall dimensions for the heat exchanger design are 60x71.5x26.5 mm with a
core of 30x21.5x12.5 mm (LxWxH), Figure 4.3 shows the final CAD design for the 0.5
mm heat exchanger.

Figure 4.3: 0.5 mm heat exchanger configuration: isometric view (left), core cross-section
(right)
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4.2.2 1 mm heat exchanger

The 1 mm heat exchanger core consists of 192 square channels in an array of 12x16 with
a channel size of 1x1 mm; the estimated heat transfer rate for this design is 1840 W.
The heat exchanger has a 1 mm thick outer wall with 0.8 mm thick walls separating the
channels. Overall dimensions for the heat exchanger design are 70x80x37.8 mm with a
core of 40x30x22.8 mm (LxWxH). Figure 4.4 shows the final CAD design for the 1 mm
heat exchanger.

Figure 4.4: 1 mm heat exchanger configuration: isometric view (left), core cross-section
(right)

4.2.3 2 mm heat exchanger

The 2 mm heat exchanger core consists of 676 square channels in an array of 26x26 with
a channel size of 2x2 mm. The estimated heat transfer rate for this design is 1900 W.
The heat exchanger has a 1 mm thick outer wall with 0.8 mm thick walls separating the
channels. Overall dimensions for the heat exchanger design are 76x101.4x126.6 mm with
a core of 50x76x76 mm (LxWxH). Figure 4.5 shows the final CAD design for the 2 mm
heat exchanger.

A comparison of the heat exchanger design sizes can be seen in Figure 4.6.

4.3 Design considerations for AM

Additive manufacturing broadens our manufacturing capabilities, allowing the manufac-
ture of complex components and systems that was previously impossible with traditional
manufacturing methods [24, 75]. Although a versatile and capable technology, there are
still limits to consider when developing components/prototypes for AM. Manufacturing
orientation, overhangs and post-processing are vital aspects to keep in mind. The man-
ufacturing difficulties experienced during the study are summarised in the section below.
See also the paper by Venter, Jacobs, and Du Preez [76] for a detailed discussion on the
design considerations for additively manufactured heat exchangers.

Figures 4.7, 4.8, and 4.9 show the design evolution of the 0.5 mm, 1 mm and 2 mm
heat exchangers from conceptual design to the manufactured design. Version 1, the initial
designs, driven by the results obtained from theoretical calculations, were presented to
CRPM for review to assess their manufacturability by AM.
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Figure 4.5: 2 mm heat exchanger configuration: isometric view (left), core cross-section
(right)
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—

Figure 4.6: Channel size comparison, 2 mm, 1 mm, 0.5 mm

The designs were reviewed and refined for AM. In version 2, chamfers were added to
the flanges, creating self-supporting overhangs which eliminated the need for temporary
support during manufacturing. Permanent supports were also added to the inside of the
nozzle sections, as removing internal supporting material can become tedious, increasing
post-processing time and cost. The angle of the transition piece between the nozzle section
and manifold was also increased to above 35°. This ensures the section is self-supporting,
reducing material usage (no additional supporting material used) and time required for
post-processing.

Version 3 shows a refined design. Sharp edges were replaced with filleted corners to
reduce stress buildup in corners. Threaded inlets and outlets were also added. Internal
manifold supports were added to the 1 mm and 2 mm designs to minimise warpage within
the manifold section.

Version 4 is the final design that was successfully manufactured. The radii on all filleted
corners were increased, and the channel wall thickness for the 1 mm and 2 mm heat ex-
changer configuration was increased from 0.5 mm to 0.8 mm.
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Version 1:
Initial concept design

Version 2:
Reviewed design

Version 3:
Refined design

Version 4:
Final manufactured design

Figure 4.7: 0.5 mm design revisions

Version 1:
Initial concept design

Version 2:
Reviewed design

Version 3:
Refined design

Version 4:
Final manufactured design

Figure 4.8: 1 mm design revisions
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Version 1: Version 2:
Initial concept design Reviewed design

Version 3: Version 4:
Refined design Final manufactured design

Figure 4.9: 2 mm design revisions

4.4 Development and manufacturing issues

4.4.1 Material buildup

After reviewing the designs and refining them for AM, difficulties were still experienced
during the manufacturing process. The first two heat exchanger manufacturing attempts
were unsuccessful. Material buildup on some sections of the heat exchanger core caused
the AM process to fail. Figure 4.10 shows the material buildup above the red line. The
causes for material buildup were identified as the passing of the coater arm, the combina-
tion of the thin walls and the heat exchanger core array; the coater arm flicks more material
on already coated parts, causing the material buildup. The material buildup was reduced
by changing the angle at which the coater arm recoats the heat exchangers. The optimal
angle was found to be between 35° and 45°. Several manufacturing attempts were made
before the first heat exchanger was successfully produced.
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Figure 4.10: Material buildup, 0.5 mm design (top left), 1 mm design (top right), 2 mm
design (bottom)

4.4.2 CT scans

The first successfully produced heat exchangers (0.5 mm & 1 mm designs) were pressure
tested and found to have porous walls causing fluid mixture between the hot and cold
sides. The heat exchangers were sent for computerised tomography (CT) scans at the
Centre for Analytics Facilities (CAF) at Stellenbosch University, South Africa for further
internal examination. The CT scans revealed that some of the channel walls within the
heat exchanger cores were broken and warped, and abnormalities were also present within
the heat exchanger cores.

Heat buildup during the manufacturing process is the likely cause of the broken and
warped channels. The thicker outer wall cools more slowly than the thinner channel walls,
increasing stress and causing some walls to detach from the outer wall, shown in Figure
4.11. The abnormality seen in Figure 4.12 protrudes through the channel wall, resulting
in leakage. The protrusion was presumably part of the broken channel wall that dislodged
during the recoating process.

Visual inspection of these heat exchanger cores was severely hampered due to the warping
of the manifold walls. The blocked channels in Figure 4.13 were likely caused by stuck
residual powder.

The wall thickness of the channels was increased from 0.35 mm to 0.5 mm on the 0.5 mm
design and to 0.8 mm on the 1 and 2 mm designs, ensuring the integrity of the channel
wall. This, however, introduced another manufacturing complication in the 2 mm design.
Added heat from the manufacturing process increased stress, causing a crack to form on
the joint of the flange and the heat exchanger core (cf. Figure 4.14). Further investigation
revealed that the crack propagated into the heat exchanger core running through several
channel rows.

The radii of the fillets were increased on the outer and inner corners to mitigate the ef-
fects of stress buildup. The increased fillet radii solved the problem, and the 2 mm heat
exchanger was manufactured successfully. Increasing the wall thickness does, however,
have a negative influence on the heat transfer. Time and budget constraints did not allow
for further refinement of the manufacturing parameters for 0.35 mm wall thicknesses and
this fell outside the scope of this study. The author presented a detailed article discussing
the CT scans at RAPDASA 2019 [77].
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Imm Design: broken channels, front & side view

0.5mm Design: warped channels, side view

Figure 4.11: CT scan: Broken and warped channels

Figure 4.12: CT scan: Abnormality in 0.5 mm design, side view
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Figure 4.13: CT scan: Blocked channels in 0.5 mm design, front and side view
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Figure 4.14: Crack along the base of the core, 2 mm design, top and bottom view
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The 1/4” BSP threaded nozzle sections had a rough surface finish and it is recommended
to clean the thread with either a thread file or thread die before use. One of each heat
exchanger design was produced between the four manufacturing attempts (0.5 mm, 1 mm,
and 2 mm). The 0.5 mm heat exchanger cracked during post-processing, and it was de-
cided not to re-manufacture that heat exchanger due to time and budget constraints.

4.5 Summary and conclusion

The design for AM of the heat exchangers was discussed in this chapter. The final CAD
designs produced had theoretical heat transfer capacities of 2.1 kW, 1.84 kW and 1.9 kW
for the 0.5 mm, 1 mm and 2 mm heat exchanger designs, respectively.

Although the design considerations discussed in this chapter focused on the development
of heat exchangers, these considerations still apply to any design or development for AM
and should be carefully considered. The difficulties experienced while manufacturing the
heat exchangers and their solutions were discussed.

Further research should be done on optimising manufacturing parameters for wall thick-
nesses less than 0.5 mm. Different configurations of the heat exchanger core and channel
shapes should also be explored.

The next chapter entails the experimental setup and experimental investigation.
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Chapter 5

Experimental Setup and procedure

5.1 Introduction

The experimental setup in the following chapter was constructed to validate the developed
theoretical model in Chapter 3. This chapter provides a detailed description of the test
procedure followed and the setting up of the experiment.

5.2 Experiment setup

5.2.1 System layout

A test bench was designed, assembled and used to characterise the compact heat exchanger
and to validate the theoretical model. The test bench was of a simple design to reduce cost
and allow the author to set up and operate it without any assistance. The system, depicted
in Figure 5.1, consists of two fluid loops, a hot loop and a cold loop. Both loops utilised
water as the working fluid.

The hot fluid was pumped from an external heated reservoir at a user-set pressure, temper-
ature and flow rate through the compact heat exchanger back to the reservoir for reheating.
The cold fluid pressure and temperature were as supplied via the water mains with flow
rate set by the author. The cold loop outlet fluid was discharged and not returned to the
system.

Flow control was achieved via a set of needle valves. Excess fluid is bled from the loop
via the off-line valve, while the in-line valve controls the flow to the compact heat ex-
changer. Fine flow control can be achieved with this configuration. The pressures and
temperatures are measured at the inlet and outlet of the compact heat exchanger for both
loops respectively. The test bench built for the experimental investigation can be seen in
Figure 5.2.

Hot loop

Fluid is pumped from the heated reservoir through the flow control section consisting of a
ball valve, two needle valves and a flow meter. The in-line needle valve controls the flow
to the compact heat exchanger and the off-line needle valve controls the flow through the
hot feedback loop.

The ball valve acts as a shut-off valve for the whole loop when maintenance is required
and the flow meter indicates the flow to the compact heat exchanger. This setup allows for
accurate fine-tuning of the flow rate through the hot loop.

The hot loop heat exchanger section is the last section in the hot loop and consists of
the compact heat exchanger (hot side) and two sets of recording instruments. These sets
of instruments, which included temperature sensors, pressure indicators and transducers,
were placed at the inlet and outlet of the compact heat exchanger to record the necessary
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data at these points. Thereafter, the fluid returns to the reservoir via the return line to
restart the process.

Cold loop

The cold loop consists of only two sections, the flow control section and the heat exchanger
section. The flow control section for the cold loop operates in the same manner as the hot
loop. The in-line needle valve controls the flow to the cold loop heat exchanger section
and the off-line needle valve controls the flow to the cold bleed. The ball valve acts as
the shut-off valve for the loop and the flow meter indicates the flow entering the cold loop
heat exchanger section.

The cold loop heat exchanger section consists of the compact heat exchanger (cold side)
and two sets of recording instruments. The instrumentation sets were placed at the in-
let and outlet of the compact heat exchanger. Each set consists of a temperature sensor,
pressure indicator and transducer.

Hot Loop Inlet P Pho
Pumped ~) Q)
From Reservoir % N PThi TThi TTho PPho o
(= 4{ — P'—{ = — T}i = 5,
F, 7~~~ —& 7 N X

/\ Hot Loop
»  Outlet to

Heat
Exchanger

\
|
- (RS : ( \/, l_[ T_‘ o Reservoir
Hot loop ’ N | T
flow control | |Hot Loop Vi : = = T‘ — TH ==
:1‘etur11 to £ | PTeo TTeo TTa PT.
| Reservoir : Cold Loop  s—————————————————— L
l Jold Loop s STy
R 2" Outlet : ColdLoop () 1
I Bleed :
| \V2
| % |
| |
AN A _/
Cold Loop
Inlet b '
Cold loop flow control
Nomenclature
Symbols Subscripts
P Pressure Gauge h Hot
PT Pressure Transducer C Cold
TT Temperature Transmitter i Inlet
FI Rotameter 0 Outlet

Figure 5.1: Process flow diagram of compact heat exchanger test bench
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5.2.2 Instrumentation and data acquisition

Instrumentation

In order to characterise the compact heat exchanger, it is necessary to know the inlet
and outlet temperatures, inlet and outlet pressures and mass flow rate through both loops.
The temperature and pressure were measured at the inlet and outlet of the compact heat
exchanger for both loops (c. f Figure 5.2). The mass flow rate of both loops was measured
before the inlet of the compact heat exchanger.

The temperatures for the hot and cold loops ranged from 57 °C to 59 °C and 18 °C to 21
°C respectively, and were measured by the PT100 RTD temperature sensors. Pressures
ranged from O to 3 bar throughout the loops and were measured with Gems 3500 Series
Compact Low-Pressure sensors. The hot fluid was pumped through the loop with a Xylem
Flojet - Duplex Diaphragm Pump, and both loops’ flow rates were measured with Parker
variable area flowmeters. Table 5.1 lists all instruments and specifications used for the
experiment.

DESCRIPTION NOMENCLATURE: INSTRUMENTATION
1 Ball valve 2 Off-line needle valve =~ Roman Letters Subscripts

3 In-line needle valve 4  Flow meter P Pressure gauge i inlet

5  Heat Exchanger 6  Gate Valve T  Temperature probe o  outlet

Figure 5.2: Test bench layout: Front
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Table 5.1: List of instrumentation and data acquisition system specifications

INSTRUMENT

SPECIFICATION

Temperature Sensors
Model Name

Range

Accuracy Class
Transmitter
Transmitter Range

Pressure Sensors
Model Name
Range

Accuracy Class
Transmitter

Pump
Model Name
Range

Data Acquisition System
Model Name

Analog Inputs

Resolution

Sampling Rate

Voltage Range

Accuracy

Flowmeters
Model Name
Range Hot Loop
Range Cold Loop
Accuracy
Repeatability

Jumo 3-wire PT100 Sensor
-50-450°C

IEC 60751 Class B
TranTech TT26T 4 — 20 mA
0-100°C

Gems 3500 Series Compact Low Pressure Sensor
0 — 40 Bar abs.

0.25% of full scale

4 -20 mA

Xylem Flojet Duplex Diaphragm Pump
0 — 8.1 [/min max, 7.1 bar max

Picolog 1216

16 Channels

12 bits

1 kS/s per channel
0-25V

0.5% @ 12 bits

Parker

0.2 — 2 [/min
1.5-10 I/min
+2%

+1%

Data acquisition

All data were captured with a PicoLog 1216 series data logger connected to a computer
running PicolLog software via a USB 2.0 cable designed to reduce voltage drop and noise.
The logger has 16 channels with 12-bit resolution and is used for general-purpose voltage,
sensor and transducer data logging. An external terminal board is supplied with the data
logger for custom front-end circuitry, which is connected to all electronic instruments
necessary to test the compact heat exchangers. Figure 5.3 depicts the wiring diagram for
the test bench. Figure 5.6 shows the test bench wiring and instrument placement.

A shunt resistor circuit is required to convert the 4 — 20 mA signals from the instruments to
anominal 0 — 2.5 V signal required by the PicoLog data logger. All instrumentation used
was powered by a 4 — 20 mA loop and supplied with 24 V from a DC power supply. The
PicoLog external terminal board provides space where such a circuit can be implemented
on the required channels 5.5.

120 € resistors were soldered to the space provided on the terminal board for the channels
used. Channel 15 was used initially. The channel later malfunctioned, and channel 14 was
used instead. The required resistor value was calculated with R, = 2%

Imaac :
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24V DC

+ve Supply Thi
-ve Supply 0-100°C

9

T D2 DO
D3 D1
. 2.5
ZVI\\I"I\)/I Picolog 1216 | dnp +vesupply  Tho
c16 | Terminal Board | c1 Ve Supply 0-100°
c15 2
C14 c3
c13 c4 +ve Supply Phi
oo oo -ve Supply  0—40 bar abs
[eNe] 0
£2z2z5882%2284

; +ve Supply Pho

-ve Supply  0—40 bar abs

+ve Supply Ta |— +ve Supply Pq Temperature Transmitters
L -ve Supply 0-100°C —— -veSupply 0-40 bar abs TranTech TT26T (0 - 100°)
4-20mA
External RTD
l_ JUMO PT100 3 wire
+ve Supply Teo +ve Supply Peo
— "veSupply 0-100°C -ve Supply  0-40 barabs Pressure Transducers

Gems 3500 Series
4-20mA

Figure 5.3: PicoLog and instrumentation wiring diagram

Electrical noise is a collection of spontaneous fluctuations in currents and voltages within
circuitry, which is generally undesirable [78, 79]. Thus, in an effort to eliminate the effect
of electrical noise, a twisted 3-core braid shielded wire was used to connect the instrumen-
tation to the PicoLog data logger (c. f Figure 5.4).

Figure 5.4: Instrumentation wire
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r T T T T IIN_ ______ ~
Cl 4
R2 PicoLog Data Logger

Figure 5.5: Shunt resistor circuit example for channel 1

- P i, e e TR

DESCRIPTION NOMENCLATURE: INSTRUMENTATION
1 Hot inlet 2 Hot outlet Roman Letters Subscripts
3 Hot feedback outlet 4 Coldinlet PT  Pressure Transmitter i inlet
5 Cold outlet 6 Cold Feedback outlet ~TT  Temperature Transmitter o  outlet
7 Pump inlet 8 Electric Pump
9 Instrument power supply 10 Pump power supply

—
—_

PicoLog

Figure 5.6: Test bench layout: Back
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Measurement uncertainties

The Type B uncertainty analysis was used to determine the measurement uncertainties as
defined by the ISO [80]. Type B analysis was chosen due to the scarcity of data produced
by the experimental procedure. This method is widely used by many international institu-
tions, including the National Physical Laboratory in the UK and the National Institute of
Standards and Technology (NIST) [81, 82]. A Type A analysis uses statistical methods and
was therefore not used. The influence of instrument accuracy and error, data acquisition
system resolution and accuracy and the shunt resistor circuit effect within the 4 — 20 mA
instrument current loops were included in the measurement uncertainties and summarised
in Table 5.2. A standard uncertainty with a confidence level of 68% was determined and
scaled to approximately 95% with a coverage factor of £ = 2. Appendix A discusses the
measurement uncertainties in more detail.

The heat exchangers and piping leading to and from the temperature probes were well
insulated to reduce heat loss. Thus, the heat loss to the environment can be omitted during
calculations, reducing the uncertainties coupled to the heat loss estimation [3]. The heat
exchangers were placed in custom-made boxes with insulating material to ensure minimal
heat loss (c. f Figure 5.7).

Table 5.2: Measurement uncertainties

MEASUREMENT RANGE UNCERTAINTY!
(95% confidence)
Hot inlet temperature 0-100°C +0.52 °C (£0.52% of ES)
Hot outlet temperature 0-100°C +0.52 °C (£0.52% of ES)
Cold inlet temperature 0-100°C +0.52 °C (4£0.52% of FS)
Cold outlet temperature 0-100°C +0.52 °C (4£0.52% of FS)
Hot inlet pressure 0-4000kPaa  +53.6kPaa (£+1.34% of FS)
Hot outlet pressure 0-4000kPaa  £53.6 kPaa (£1.34% of FS)
Cold inlet pressure 0-4000kPaa  +53.6 kPaa (£+1.34% of ES)
Cold outlet pressure 0-4000kPaa  +53.6 kPaa (£+1.34% of FS)

'Expanded uncertainty with a coverage factor of k = 2 which gives a 95% confidence level.
Measurement uncertainty includes influences from instrumentation and data acquisition system.

5.3 Experimental procedure

5.3.1 Test preparation

To ensure reliable test results, a test sheet was used to ensure consistency throughout the
tests. The data from each test run was entered on a separate sheet; time, date, ambient
temperatures and pressures were recorded before each initial test run. Appendix F shows
a sample of the test sheet.
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Figure 5.7: Heat exchangers in insulated boxes

The external heated reservoir was inspected for leaks and filled if necessary; all flexible
pipes were inspected for any signs of deterioration or kinks that might lead to increased
pressure drop. If necessary, the pipes were replaced with new ones. All external electrical
connections and functions were checked.

A multi-monitor set-up was used to simultaneously fill the data sheet while monitoring the
PicoLog software during tests. The PicoLLog data logger was connected to the computer,
after which the PicolLog software was started. This is displayed on monitor one closest
to the test bench. Monitor two was used for completing the test sheet during testing, and
monitor three displayed the local time to keep track of test times(c. f Figure 5.8).

5.3.2 Test procedure

Once all preliminary checks were completed, the external heated reservoir was switched
on, and the ball valves and off-line needle valves were fully opened while keeping the
in-line needle valves shut. Once the external heated reservoir was close to operating tem-
perature (53-55 °C), the cold inlet was opened and allowed to run until the external heated
reservoir reached operating temperature (56.5-58.5 °C).

The hot loop pump was then started, and the in-line needle valves for both loops were
opened fully to bleed any air within the system. After all air was removed from the system,
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Test Bench
Laptop/
Monitor 1

Monitor 3

Figure 5.8: Experimental test set-up

the flow rate was adjusted to the required setting using a combination of the in-line and
off-line needle valves.

The test was run until stable operating conditions were reached. The external heated
reservoir is manually controlled to keep the temperature from either increasing too much,
switched off at +57.8 °C, or dropping too low, switched on at £57.6 °C. Supply pressures
vary during test runs; thus, constant flow rate monitoring is necessary and was adjusted
for stability.

The test runs were based on the heat exchangers’ capacity ratio (C*), discussed in Sec-
tion 5.3.3 below. For each chosen capacity ratio, three flow rates were selected for the
minimum capacity rate fluid (C,,,;,, = hot fluid), resulting in 12 tests per heat exchanger.

5.3.3 Test matrix

A test matrix was set up to ensure proper coverage of the intended test envelope and to
keep track of tests. The flow rate for the minimum capacity rate fluid (hot fluid) was
varied per test between 50%, 75% and 100% of full scale on the flow meter; the flow
rate for the maximum capacity rate fluid (cold fluid) was then calculated according to a
selected value for the capacity ratio, C* = 1,0.75,0.5,0.25. A total of 12 flow rate settings
were run using the test matrix, each consisting of at least five tests per flow rate setting.
After steady state, the test ran for at least six minutes, recording one sample every three
seconds. A sample of the PicoLLog recording is attached in Appendix G. The test matrix
used is summarised in Table 5.3.
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Table 5.3: Test matrix

Capacity Flow Flow Rate (I/min) No. of Tests
Ratio Setting Hot Side* Cold Side™* 1mm 2 mm
1 1 1 6 6
CcC*=1 2 1.5 1.5 5 5
3 2 2 6 5
1 1 1.3 5) 5)
C*=0.75 2 1.5 2 5 5
3 2 2.6 5 5
1 1 2 5 5
C*=0.5 2 1.5 3 5 6
3 2 3.9 5 5
1 1 3.9 6 )
C*=10.25 2 1.5 5.9 5 5
3 2 7.9 5 5

* User Set (Crnin)
** Calculated (Chnaz)

5.4 Data reduction

Data reduction was required to convert the experimental data into a proper format. A Mi-
crosoft Excel™ spreadsheet was set up for each test and used to interpret the experimental
data. Appendix B shows an example of the Excel test sheet used.

5.4.1 Stable operating conditions
Background

Reliable heat transfer analysis within the heat exchanger requires steady state operation.
Steady state is defined as a state or condition of a system or process that does not change
in time or only changes negligibly over a specific time [83].

Method

Temperatures and pressure were measured only after the specified operating conditions
were set and allowed to reach steady state. With this testing technique, the transient terms
can be omitted in the energy equations for the fluid and material, and the thermal capacity
of the wall can be ignored [3]. An average of the captured data was used to smooth the
signal fluctuations.

© Central University of Technology, Free State



O

Central University of

CHAPTER 5. EXPERIMEN .. N Techrology, Free Statg PROCEDURE 52

The energy balance error is a good indication of steady state. For a valid test run, the
error should fall within 5% [3] and this was evaluated for each flow rate settings test. The
energy balance error can be calculated with the following:

qn — 4c
Q@

Where () is the heat duty of the heat exchanger and ¢ the heat transfer rate of the respective
fluid. The heat duty can be determined by

- 100% (5.1)

The steady state data of each test were then checked to conform to the limiting criteria
in Table 5.4 to determine if the test run was valid. The Excel test sheet was set up to
automatically check the first minute of each test to comply with the steady state criteria.

Table 5.4: Limit criteria for steady state

Maximum deviation from

Measured Variable average permissible
Range % Deviation
Inlet Pressures 4 22 kPa + 2%
Outlet Pressures =+ 22 kPa + 2%
Cold Inlet Temperature =+ 0.35 °C + 2%
Hot Inlet Temperature =+ 1°C + 2%
Energy Balance Error Calculated + 5%

5.4.2 Summary and conclusion

The experimental setup and test procedure to test and characterise the heat exchangers
were discussed in this chapter. The purpose-built test bench layout was described, and the
technical data for the instrumentation was listed (c. f Figure 5.2 and Table 5.1). A PicoLog
1216 was used for data acquisition capturing data at a sample rate of 3S/s; the instrument
wiring and PicoLog setup can be seen in Figures 5.3 and 5.6.

The steady state limiting criteria were identified with a type B uncertainty analysis and
implemented on the Excel test spreadsheet to check the validity of each test run. The tests
consisted of five minutes of data capturing and at least one minute steady state before data
capture. A test matrix was developed to ensure good data variety. The test matrix was
based on the capacity ratio of the heat exchanger, adjusting flow for each test with the hot
fluid being the minimum fluid.

The captured data was then analysed using an Excel spreadsheet, converting it into useful
data. The results of the experimental tests, theoretical model and CFD are presented and
discussed in the next chapter.
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Chapter 6

Results and Discussion

6.1 Introduction

With the previous chapters having discussed the experimental procedure and data reduc-
tion, this chapter contains the experimental results.

Comparisons are made between the theoretical calculations (EES), CFD, and experimental
results. A total of 12 tests were run per heat exchanger according to the test matrix dis-
cussed in Chapter 5. Graphs for each test were generated for data analysis and comparison
purposes.

The total heat transfer rate, maximum theoretical heat transfer, effectiveness, overall heat
transfer coefficient, and number of transfer units (NTU) were calculated using the Excel
test sheet with the data captured from each test. The five runs per test flow setting were
averaged to achieve a representative result for the chosen flow rate setting.

6.2 Experimental results

With the inlet and outlet temperatures and pressures captured for the chosen flow rate
setting, the heat transfer rate for the heat exchanger can be obtained using Equation 3.9.
Values for density (p), used to calculate the mass flow rate at the user-set temperature and
pressure, and specific heat capacity (c,) were automatically recalled by the Water97V13
Excel add-in and checked periodically to ensure accuracy of results. Heat transfer rates
for both sides were calculated and checked to fall below the limiting criteria (<5%) with
Equation 5.1.

Using the mass flow rate and ¢, values, the capacity rate is determined (hot fluid chosen to
be C,.in) and the capacity ratio checked to correlate with the test matrix. The maximum
possible heat transfer is determined by the inlet temperatures and the value obtained for
Cmin using Equation 3.11. The effectiveness is then determined using Equation 3.10.

With known heat transfer areas obtained from the CAD models, the overall heat transfer
coefficient was determined using Equation 3.1. The number of transfer units (NTU) can
then be obtained by means of Equation 3.16.

The maximum heat transfer rate achieved for the 1 mm design heat exchanger is 1.29 kW
with an effectiveness of 24.93% at a capacity ratio of C* = 0.25 on the third flow setting.
The maximum effectiveness of 34.86% was achieved with the first flow setting of the C* =
0.25 capacity ratio test.
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A similar trend can be seen with the 2 mm design; the maximum heat transfer rate of
1.234 kW was obtained with a capacity ratio of C* = 0.25 at the third flow setting with a
effectiveness of 23.98%. The maximum effectiveness (30.77%) was achieved at a capacity
ratio of C* = 0.25 on the first flow rate setting.

A summary of the experimental results can be seen in Table 6.1, and the results for all
test runs can be viewed in Appendix C. The heat transfer rate data for each respective test

run was compared to analyse the repeatability. Figure 6.1 shows a typical best-case and
worst-case scenario.
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Figure 6.1: Test run comparisons
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6.3 Theoretical results

After developing and implementing the theoretical model in Engineering Equation Solver
(EES), as previously discussed, the heat exchanger size was altered until the baseline de-
sign parameters were met. To better understand the effect the channel size, length, and
wall thickness have on the performance of the heat exchanger, parametric tables were
implemented within EES to simulate different design configurations.

Figure 6.2(a) shows the effect of channel size on the calculated heat transfer rate and
pressure drop per unit volume for various flow rates, and Table 6.2 summarises the data of
the graph. Increasing channel size positively affects pressure drop at the cost of less heat
transfer. This approach can be used to find the optimal design for heat transfer vs pressure
drop. Increasing the channel size from 0.5 mm to 1 mm decreases the heat transfer rate
and pressure drop by -56% and -84%, respectively, for a flow rate of 4 I/min. Increasing
the channel size from 0.5 mm to 2 mm decreases the heat transfer and pressure drop by
-86% and -98%, respectively, for a flow rate of 4 1/min.
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Figure 6.2: Influence of channel size, channel length, and wall thickness on calculated
heat transfer and pressure drop
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Table 6.2: Theoretical effect of channel size on calculated heat transfer rate, effectiveness,
and pressure drop

Channel Flow Calculated Heat  Effectiveness Pressure

Size Rate Transfer Rate Drop
(mm) (I/min) (W) (%) (kPa)
1 97.19 3.73 221.77

0.5 4 146.5 1.4 1137
7 118.7 0.65 2444

1 48.46 1.86 34.37

1 4 65.66 0.62 182.4

7 38.62 0.21 463.1

1 19.37 0.74 5.31

2 4 20.83 0.2 27.57

7 4.08 0.02 99.93

Furthermore, increasing the channel length also increases the heat transfer rate and pres-
sure drop (c. f Figure 6.2(b)). Increasing the channel length by 33.33% (+10 mm on base-
line model, 30 mm), the heat transfer rate and pressure drop increase by 33% and 12%,
respectively, for a flow rate of 4 I/min, while increasing the channel length by 66.66%
(+20 mm) increases the heat transfer rate and pressure drop by 66% and 24%. More-
over, increasing the channel length by 100% (+30 mm) increases the heat transfer rate and
pressure drop by 100% and 36%, respectively.

The effect of the channel wall thickness on heat transfer and pressure drop can be seen
in Figure 6.2(c). An increase of 50% in wall thickness leads to a -46% decrease in heat
transfer rate and a 119% increase in pressure drop. Increasing the wall thickness +100%
leads to a decrease of -72% in heat transfer rate and a 294% increase in pressure drop.
As the wall thickness increases, fewer channels are present per unit volume; thus, the free
flow to frontal area ratio decreases and velocity within the channels increases, negatively
impacting pressure drop.

Finding the right channel size, length, and wall thickness combination would lead to op-
timal heat transfer rate and minimal pressure drop. Table 6.3 summarises all the data
discussed.

© Central University of Technology, Free State



O

Central University of

CHAPTER 6. RESULTS AN X Technology, Free State 58

Table 6.3: Data comparison summary*

Change % Change Calculated Heat Pressure
Transfer Rate Drop

Channel Size

0.5 mm — 1 mm +100% -59% -84%

0.5 mm — 2 mm +200% -88% -98%

Channel Length

30 mm — 40 mm +33.33% +33% +12%
30 mm — 50 mm +66.66% +67% +24%
30 mm — 60 mm +100% +100% +36%
Wall Thickness

0.5 mm — 0.75 mm +50% -55% +143%
0.5 mm — 1 mm +100% -86% +294%

*Flow Rate = 4 1/min

6.4 CFD results

The inlet temperatures and flow rates achieved with the test runs were used for the CFD
simulation inputs, which ensures a sound basis for result comparisons. Mesh parameters
were optimised for each heat exchanger design to ensure accurate results with minimum
calculation time.

6.4.1 0.5 mm Heat exchanger design

Although no physical model for the 0.5 mm heat exchanger was tested experimentally, its
performance can still be compared to the theoretical model. The maximum heat transfer
rate was achieved with the third flow rate setting, full-scale flow on the hot side (2 //min),
and a capacity ratio of C*=(.25. The heat transfer rate for this setting was 1.098 kW with
an effectiveness of 21.03%. The maximum effectiveness (32.24%) was achieved with a
capacity ratio of C*= 0.25 and the first flow rate setting, 50% of full-scale flow on the hot
side (1 I/min).

Figure 6.3 shows the CFD results plots for the third flow rate setting with a capacity ratio
of C*=0.75, Table 6.4 shows the relevant data for Figure 6.3.

The maximum velocity occurs within the channels while the minimum velocity occurs in
the top left-hand corner of the manifold in Figure 6.3(b). The minimum and maximum
pressure occurs at the manifold inlet and outlet, respectively, Figure6.3(d).
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(a) Mesh plot (b) Velocity plot at centre plane

(c) Flow trajectories (d) Pressure plot at centre plane

Figure 6.3: CFD plots: 0.5 mm design

Table 6.4: CFD Results 0.5 mm Design: C*=0.75, Third Flow Setting

Input Variables
Flow Rate Hot Inlet 21/min
Cold Inlet 2.6 [/min
Temperature Hot Inlet 58°C
Cold Inlet 20 °C
Figure Description Value Units
6.3(a) No. of Fluid Cells 551 834
' No. of Solid Cells 983 398
6.3(b) Velocity Min 3.293x10~* m/s
' Velocity Max 2.47 m/s
6.3(c) Temperature Min 20 °C
' Temperature Max 58 °C
6.3(d) Pressure Min 100.77 kPa
' Pressure Max 109.41 kPa
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6.4.2 1 mm heat exchanger design

The input values from the 1 mm design experimental test were used as the input values for
the CFD simulation. The maximum heat transfer rate of 1.165 kW with an effectiveness of
21.2% was achieved at the third flow rate setting, full-scale flow on the hot side (2 //min),
at a capacity ratio of C*= 0.25. The maximum effectiveness (33.1%) occurred at the first
flow rate setting, 50% of full-scale flow on the hot side (1 I/min), and a capacity ratio of
C*=0.25 with a heat transfer rate of 0.91 kW.

Figure 6.4 shows the CFD results plots for a capacity ratio of C*= 0.75 at the third flow
setting. Table 6.5 shows the relevant data for Figure 6.4.

The maximum velocity occurs right before the manifold exit, where the flow converges,
and the minimum velocity occurs in the bottom manifold at the fourth manifold support
from the left. Flow disturbance caused by the support structures can be seen in Figure
6.4(b). The minimum pressure occurs at the heat exchanger exit. Maximum pressure
occurs in the bottom manifold at the second-from-left manifold support, Figure 6.4(d).

(a) Mesh plot

(c) Flow trajectories (d) Pressure plot at centre plane

Figure 6.4: CFD plots: 1 mm design

© Central University of Technology, Free State



O

Central University of

CHAPTER 6. RESULTS AN X Technology, Free State 61

Table 6.5: CFD Results 1 mm design: C*=0.75, Third flow setting

Input Variables
Flow Rate Hot Inlet 2 1/min
Cold Inlet 2.6 I/min
Temperature Hot Inlet  57.91 °C
Cold Inlet  20.23 °C
Figure Description Value Units
6.3(a) No. of Fluid Cells 478 519
' No. of Solid Cells 555 037
6.3(b) Velocity Min 0.006 m/s
' Velocity Max 1.11 m/s
6.3(c) Temperature Min 20.23 °C
' Temperature Max 5791 °C
6.3(d) Pressure Min 101.17 kPa
' Pressure Max 103.01 kPa

6.4.3 2 mm heat exchanger design

The respective input values from the 2 mm design experimental test were used as the input
values for the CFD simulation. The maximum heat transfer rate (1.73 kW) was achieved
with the third flow rate setting, full-scale flow on the hot side (2 I/min), and a capacity rate
of C*= 0.25, an effectiveness of 33.49% was achieved with these settings. A maximum
effectiveness of 46.1% was achieved with the first flow setting, 50% of full-scale flow on
the hot side (1 I/min), and a capacity ratio of C*= 0.25. The heat transfer rate with this
setting is 1.19 kW.

The CFD result plots for the 2 mm design can be seen in Figure 6.5. The third flow
rate setting was used for the plots at a capacity rate of C*= 0.25. The relevant data is
summarised in Table 6.6.

The minimum and maximum velocity occurs at the inlet and outlet of the manifold, respec-
tively, with the minimum occurring right before entering the manifold and the maximum
right after exiting the manifold shown in Figure 6.5(b). Maximum pressure occurs at the
manifold inlet and minimum pressure within the exit section leading to the heat exchanger
outlet in Figure 6.5(d).
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Figure 6.5: CFD plots: 2 mm design

© Central University of Technology, Free State

62

Velaciy [mis]

Top Velocity-1:contours

—l

10568977

99119.06
Pressure Pa)
Top Pressure-1:contours

10568977

2911906
Pressure Pa

Top Pressure-1: salines:



O

Central University of

CHAPTER 6. RESULTS AN X Technology, Free State 63

Table 6.6: CFD results 2 mm design: C*= 0.75, Third flow setting

Input Variables
Flow Rate Hot Inlet 2 1/min
Cold Inlet 2.6 I/min
Temperature Hot Inlet  57.77 °C
Cold Inlet  20.17 °C
Figure Description Value Units
6.3(a) No. of Fluid Cells 1 184 650
' No. of Solid Cells 1208 849
6.3(b) Velocity Min 0.005 m/s
' Velocity Max 1.82 m/s
6.3(c) Temperature Min 20.17 °C
' Temperature Max 57.77 °C
6.3(d) Pressure Min 101.44 kPa
' Pressure Max 104.01 kPa

6.5 Results Discussion

This section discusses and compares all data from the experimental test, theoretical, and
CFD simulations.

6.5.1 Heat transfer

A comparison of the heat transfer rate between the numerical simulations and experimental
data can be seen in Figure 6.6. The general trend of the graphs shows good agreement
between the results, with the heat transfer rate increasing with respect to the increase
in mass flow rate. The numerical models, however, overestimate the heat transfer rate
compared to the experimental results.

The theoretical model overestimates the heat transfer rate by 35% on average. At the same
time, the CFD overestimates the heat transfer by 2% on average for the 1 mm design. The
2 mm design shows an overestimation of 72% and 71% on average, respectively. A direct
comparison of the experimental heat transfer rate vs the theoretical heat transfer rate can
be seen in Figure 6.7.

Numerous factors could lead to the high deviation of the results. This could be a com-
bination of the uncertainty in the measured experimental data and the theoretical model,
with the assumption of uniform flow within the channels and the CFD simulated in the
best-case scenario, assuming uniform surface roughness. The CFD results from the 2 mm
design showed the effect of the non-uniform flow across the heat exchanger.
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Figure 6.6: Comparison of heat transfer vs capacity ratio

The low flow rates used for testing (limited to the maximum flow rate on the rota meter)
resulted in the underutilisation of the heat exchanger (c. f Figure 6.8). Figure 6.8(a) shows
the velocity cut plot in the second row of channels from the top. The velocity vectors show
clearly that only the first few rows experience flow with a higher velocity. Further down
the heat exchanger, at the third row of channels from the bottom, the velocity vectors are
almost invisible (c. f Figure* 6.8(b)). This indicates that only part of the heat exchanger
core was utilised during testing. Higher flow rates are expected to result in a more equal
velocity distribution, resulting in more accurate results.

© Central University of Technology, Free State



Central University of

CHAPTER 6. RESULTS AN X Technology, Free State

1900 2000

.1, +40% ’/, +20%

1800
1700

— 1600
1500

1400

1300

1200

1100

1000

Heat Transfer: Theoretical Design (W)
Heat Transfer: Theoretical Design (W]

500 400
500 700 900 1100 1300 1500 1700 1900 400 600 800 1000 1200 1400 1600
Heat Transfer: Experimental (W) Heat Transfer: Experimental (W)
(a) 1 mm design (b) 2 mm design

Figure 6.7: Comparison of heat transfer: Theoretical vs experimental

veloeity [mis]

Top velo (1): contours

(a) 2™% row from top (b) 37% row from bottom

Figure 6.8: CFD velocity plots: 2 mm design, unequal flow distribution

© Central University of Technology, Free State

1800 2000

Velocity [mfs]

Top velo (1): contours

65



Central University of

CHAPTER 6. RESULTS AN X Technology, Free State 66

6.5.2 Effectiveness

With effectiveness based on the heat transfer, the effectiveness graphs (c.f Figure 6.9)
show similar trends to the heat transfer rate graphs, increasing as the flow rate increases.
Hence, the numerical models show the same overestimation of effectiveness.

The experimental results are plotted on an effectiveness, NTU graph for a counterflow heat
exchanger in Figure 6.10. The graph is obtained using the equation described in Chapter 3
for effectiveness, Equation 3.15. The experimental results overestimate the effectiveness
for the corresponding theoretical NTU. For the 1 mm design, the difference is, on average
11.51% higher and for the 2 mm design, on average, 16.53% higher.
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Figure 6.9: Comparison of effectiveness vs capacity ratio
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Figure 6.10: Effectiveness vs Number of Transfer Units (NTU)

6.5.3 Pressure drop

67

Figure 6.11 shows the pressure drop across the heat exchangers. A similar trend can be
seen between the experimental and numerical results; the pressure drop increases as the
flow rate increases. The numerical models do, however, underpredict the pressure drop
except for the 2 mm design cold side flow (c. f Figure 6.11(c)). For the 1 mm design, the
theoretical model underpredicts the pressure drop by 45% on average for the cold side and
413% on average for the hot side. On the 2 mm design, the experimental and theoretical
model shows good agreement with an 15% difference on average for the cold side. There
is, however, an underprediction in pressure drop of 573% on average for the hot side of
the heat exchanger.

The deviation in pressure drop from the experimental and theoretical model can be mainly
attributed to the pressure drop caused by the manifold supports and a lesser degree to the
uncertainty in calculations and data captured. The manifold supports split the incoming
flow, acting as an obstruction in the flow path and this was not accounted for in the theo-
retical model. The effect can be seen in the manifolds of Figure 6.4. The effect is more
prominent in the 1 mm design, as flow velocities are higher within the manifolds. The
2 mm design resembles the theoretical model more closely due to the lower velocities
within the manifold of the 2 mm design, decreasing the effect the manifold supports have
on pressure drop. This can, however, still be seen in Figure 6.5.
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The CFD results underestimate the pressure drop by 113% and 770% for the 1 mm design
cold and hot sides, respectively, and 395% and 2993% for the 2 mm design cold and hot
sides, respectively. The deviation is mainly due to the fact that the CFD model does not
simulate the losses within the test bench setup. The inlet and outlet pressures were taken
directly at the inlet and outlet of the heat exchanger rather than where the pressures were
recorded on the experimental tests. The CFD model also applies a uniform surface rough-
ness throughout the model. In contrast, the experimental model has different roughness
depending on the surface and the manufacturing orientation.

Furthermore, the pressure drop was calculated and simulated with the assumption of a
steady flow. The test bench, however, utilised a diaphragm pump to circulate the hot
side fluid, inducing flow pulsations within the loop. Numerous studies have found that
pulsating flow can have a negative effect on pressure drop within a system. Blythman
[84] found that both the wall shear stress and pressure gradient were augmented when
introducing pulsations compared to steady flow. However, the pressure gradient increases
more significantly due to increased internal losses.

Similarly, a study done by Khosravi-Bizhaem [85] investigated experimentally the effects
of pulsating flow for a range of Reynolds numbers (2000-9500) and Womersley numbers
(16-40). The study reported an increase in pressure drop of 3—7% for pulsating flow com-
pared to steady flow. An experimental study done by Davletshin et al. [87] found that the
flow resistance values for pulsating flow were double that of the steady flow results within
circular channels with semicircular annular ribs. Ribas [86] attributed this phenomenon to
the relaminarisation and inertia effects of pulsating flows. The strong acceleration expe-
rienced gives rise to the relaminarisation process, resulting in the flow not maintaining its
turbulent regime even at high Reynolds numbers. Furthermore, the transients’ substantial
effect on the wall shear stress is to the extent that it invalidates the stationary condition
correlations developed for friction factor calculations.

6.5.4 0.5 mm design

Various attempts were made before successfully manufacturing the heat exchangers. As
previously discussed, the 0.5 mm design proved especially difficult as the combination of
thin walls and small form factor led to various challenges during the manufacturing pro-
cess. The fourth manufacturing attempt yielded a successful 0.5 mm heat exchanger; how-
ever, during post-processing, a crack developed, rendering the heat exchanger nonfunc-
tional. Time and budget limitations prevented the remanufacture of the heat exchanger.
Therefore, the 0.5 mm heat exchanger results only entail the values obtained from the
numerical simulations and the CFD modelling.

The numerical simulation results for the 0.5 mm heat exchanger design can be seen in
Figure 6.12. Results are plotted for heat transfer, effectiveness and pressure drop. The
deviation seen in heat transfer (c. f Figure 6.12(a)) is due to the theoretical model assum-
ing equal flow distribution within the channels, where the CFD model represents a more
realistic unequal flow profile throughout the heat exchanger. The varying pressure within
the heat exchanger core, left to right, shown in Figure 6.3(d); indicates non-uniform flow
within the core.
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Figure 6.11: Comparison of pressure drop vs flow rate

The effectiveness of the heat exchanger is coupled to the heat transfer and shows the same
trends. The theoretical model overestimates the heat transfer and effectiveness by 78% on
average.

The deviation in pressure drop is believed to occur at the manifold inlets (c.f Figure
6.12(c)). The theoretical model simulates pressure loss at the manifold entrance as sudden
contractions; this is a basic representation of the pressure loss occurring at the manifold
entrance. The CFD model, however, can simulate this loss with greater accuracy. In Fig-
ure 6.3(d), there is a prominent line where the pressure drops at the manifold entrance. On
the other heat exchanger designs, the effect is less noticeable as the flow restriction at the
manifold entrance is smaller, becoming more noticeable at higher flow rates. In this case,
the theoretical model underpredicts the pressure drop by 26% on average.
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Figure 6.12: 0.5 mm design comparison: Theoretical vs CFD
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6.5.5 R-134a numerical simulations

The organic fluid 1,1,1,2-Tetrafluoroethane (R-134a) is one of the working fluids used in
Organic Rankine Cycles. Hence, the numerical model was also used to simulate results
for R-134a - water application. The simulations were based on the same test matrix used
for the water-water calculations, however, the temperatures and pressures were adjusted
to keep the R-134a within its liquid state. The inlet parameters for the simulations are
summarised in Table 6.7.

Similar trends can be seen for heat transfer rate, effectiveness and pressure drop compared
to that of the water - water simulations.

Figure 6.13(a) shows the graph for heat transfer rate vs the capacity ratio, as with the pre-
vious results, the heat transfer rate increases with increased mass flow rate. The maximum
heat transfer rate was achieved with the third flow setting and a capacity ratio of 0.25 for
all three heat exchanger designs.

The maximum heat transfer rate achieved was 1236, 980.9 and 977.4 W for the 0.5, 1 and
2 mm heat exchanger designs, respectively. The corresponding effectiveness achieved was
51.37,40.99 and 40.78% for the 0.5, 1 and 2 mm heat exchanger designs.

The maximum effectiveness for all heat exchanger designs occurred with the first flow
setting and a capacity ratio of 0.25. A maximum effectiveness of 62.82, 49.16 and 46.56%
was achieved for the 0.5, 1 and 2 mm heat exchanger designs, with a heat transfer rate of
761.9, 591.3 and 560 W, respectively.

Table 6.7: Test matrix R-134a

Capacity Flow Rate (I/min) Inlet Temperature (°C) Inlet Pressure (Bar)

Ratio R-134a* Water** R-134a Water R-134a Water
1 0.43
Cc*=1 1.5 0.646 0 40 6.5 2
2 0.86
1 0.57
C*=0.75 1.5 0.86 0 40 6.5 2
2 1.15
1 0.86
C*=0.5 1.5 1.29 0 40 6.5 2
2 1.72
1 1.72
C*=0.25 1.5 2.59 0 40 6.5 2
2 3.45

* User Set (Cnin)
** Calculated (Cyqz)
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An effectiveness - capacity ratio graph can be seen in Figure 6.13(b). The graph illustrates
the same trends seen with the water - water simulations, an increase in mass flow rate
results in increased effectiveness.

The pressure drop across the heat exchanger for R-134a and water side show similar results
compared to the results obtained from the water - water simulations, (c. f Figure 6.13(C),
(D)). The results do however indicate a slightly higher pressure drop for the 1 and 2 mm
heat exchanger designs with R-134a. On average, the pressure drop is 11 and 28% higher
for the 1 and 2 mm heat exchanger designs, respectively.

In contrast, the 0.5 mm heat exchanger experiences lower pressure drop for the first two
flow settings and a higher pressure drop for the third flow setting, -21% average for the
first two flow settings and an 52% increase for the third flow setting. Graph (e) in Figure
6.13 shows the comparison between the pressure drop results for the R-134a (R-134a -
water) and the hot side water (water - water) simulations. The above-mentioned results
are summarised in Table 6.8 and Table 6.9.

Table 6.8: R134-a results summary

Exgg;tger Results Hle::;tn’i“irlgﬁgfler Effectiveness’ E?f/[:c)iii?el::ss Heat Transfer?
0.5 mm Design Theoretical 1236 W 51.37% 62.82% 7619 W

1 mm Design  Theoretical 9809 W 40.99% 49.16% 5913 W

2 mm Design  Theoretical 977.4 W 40.78% 46.56% 560 W

1 at maximum heat transfer
2 at maximum effectiveness

Table 6.9: Pressure drop comparison summary

Pressure Drop (Pa)

R-134al  Water?2 % Difference

Heat Exchanger Flow Setting

1 102325  1562.25 -34%

0.5 mm Design 2 2195.00 2373.25 -8%
3 4913.25 3222.75 52%

1 491.18 468.83 5%

1 mm Design 2 1068.75  957.30 12%
3 1868.00  1615.75 16%

1 404.95 316.45 28%

2 mm Design 2 911.35 709.85 28%
3 1620.50  1259.75 29%

1 results from R-134a - water numerical simulations

2 results from water - water numerical simulations
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6.6 Summary and conclusion

6.6.1 Summary

The results from the 12 experimental tests per heat exchanger were presented, compared
and discussed. The tests were run with three flow settings at different capacity ratios
according to the test matrix. The theoretical and CFD simulations also used the test matrix
to ensure comparisons were based on the same flow conditions. All results follow the
same trend throughout the results; as the flow rate increases, the heat transfer and pressure
drop also increases. The experimental results did show deviations from the numerical
simulations, and the deviations and possible causes were discussed.

The theoretical model was used to size the initial heat exchanger design, and the effects
of channel size, length and wall thickness on heat transfer were compared and discussed.
It was found that by increasing the channel size and wall thickness, a decrease in heat
transfer can be expected. While increasing the channel wall thickness and length has a
negative effect on the pressure drop, the channel length shows the most promising results
in terms of the heat transfer as a 100% increase in channel length amounts to a 100%
increase in heat transfer and only a 36% increase in pressure drop (c. f Table 6.3).

The CFD simulations were run after the experimental testing; this gave good insight into
the flow distribution through the heat exchanger. Similar results to the theoretical and
experimental results were obtained, showing the same trends. The deviation from these
results was discussed and possible causes were identified. The heat transfer rate, effec-
tiveness and pressure drop from the experimental results were compared to the numerical
results.

Compared to the CFD results for the heat transfer rate, the experimental results differs 2%
and 71% for the 1 mm and 2 mm designs respectively. While the theoretical results differ
33% and 5% for the 1 mm and 2 mm designs compared to that of the CFD results. Possible
causes for this deviation were discussed, with the leading cause being the theoretical model
assuming uniform flow.

The pressure drop graphs showed good agreement with only 30% (1 mm design) and 11%
(2 mm design) deviation from the theoretical model. However, the CFD model underpre-
dicted the pressure drop for the 1 mm and 2 mm designs by 113% and 395%, respectively.
The CFD model only accounts for the pressure drop within the heat exchanger. In contrast,
the experimental and theoretical model includes more pressure drops coupled to the test
bench setup.

Time limitations and computer resources governed the CFD simulations; adding piping
and fittings as per the test bench setup increases the computation time and resources re-
quired for accurate simulation. The current CFD setup for the 0.5 mm heat exchanger ran
approximately 110 minutes per test; 12 tests amount to 22 hours of simulation. Thus, it
was decided to run CFD only on the heat exchangers.

The numerical simulation results for the 0.5 mm design were also discussed; compared
to the CFD simulation, the theoretical model overpredicted the heat transfer rate by 78%
and underpredicted the pressure drop by 26%. The causes for these deviations include the
uniform flow the theoretical model assumes and the error in calculating the manifold inlet
pressure losses.

© Central University of Technology, Free State



O

Central University of

CHAPTER 6. RESULTS AN X Technology, Free State 75

Furthermore, numerical simulation results were discussed for an R-134a - water applica-
tion on all three heat exchanger designs. A liquid only state was considered for the R-134a
- water numerical simulations and the initial inlet conditions were adjusted accordingly.
The results showed acceptable agreement compared to the water - water numerical simu-
lations with the same trends in heat transfer rate, effectiveness and pressure drop.

6.6.2 Conclusion

The numerical simulation models presented in Chapter 3 were validated against the ex-
perimental data presented in this chapter. The results compared the heat transfer rate,
effectiveness and pressure drop for each heat exchanger design. The data showed accept-
able agreement between the numerical models and experimental data results. The R-134a -
water numerical simulations results shows the capability of incorporating various working
fluids within the model to find optimal operating conditions.

The deviations in results were identified and can be addressed by means of design changes
to the experimental model. With the acquired knowledge from the CFD simulations, the
flow paths can be optimised to ensure a more uniform flow distribution through the heat
exchanger. Furthermore, pressure drops can be minimised by optimising the manifold
supports.

The numerical model can be used to initially size a heat exchanger; after that, preliminary
CFD simulations can be implemented to identify possible unwanted phenomena. This
method would decrease the computational time required to size a heat exchanger with CFD
simulation and produce a better heat exchanger design than would have been obtained by
using only the theoretical model.
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Chapter 7

Summary and conclusions

The feasibility of producing compact heat exchangers with additive manufacturing was
demonstrated in this study. The results correlate well with the developed theoretical model,
and tests show promising results for incorporating these devices into micro-ORC systems.

With the study serving as a basis for future research, further refining the theoretical model,
optimising the manufacturing parameters and investigating different heat exchanger de-
signs would prove beneficial. Furthermore, the study showcased Ti6Al4V as a viable
material for compact heat exchangers, and the results were as expected.

This chapter will summarise the key findings, discuss some challenges found during the
study and suggest recommendations for future research.

7.1 Modelling and design

Using existing theoretical methods and correlations, a theoretical model was developed
to predict the performance of Ti6Al4V additive manufactured compact counter-flow heat
exchangers. The model predicts the theoretical heat transfer and pressure drop of the
chosen heat exchanger geometry with the input data known or selected.

The effects of channel length, size, shape and wall thickness on the heat transfer and
pressure drop can be easily modelled with the model. The model can also be adapted
to accommodate various heat exchanger configurations, including flow orientation, fluids,
fluid states and materials.

The theoretical model provided a good baseline for heat exchanger design and was used
to produce the heat exchangers tested in this study.

7.2 Design and manufacturing

Three initial CAD models of the heat exchangers were developed with the parameters and
results obtained from the theoretical model. The designs were proposed to the engineers
at CRPM and with guidance, they were optimised for additive manufacturing.

The heat exchanger designs comprised of different channel sizes packed in a rectangular
array with alternating flow in each row of channels. The selected channel sizes for man-
ufacturing were 0.5 mm, 1 mm, and 2 mm square channels, each with a theoretical heat
transfer rate of about 2 kW.

The material buildup was the first challenge that arose during the manufacturing process.
After several manufacturing attempts, it was found that changing the manufacturing ori-
entation minimised the buildup of material, and two heat exchangers were successfully
produced.
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After preliminary testing of the heat exchangers, it was found that the heat exchanger cores
were porous and they were sent for further analysis via CT scans. It was found that thermal
stresses during manufacturing had caused the heat exchanger channel walls to warp and
eventually fracture.

Increasing the wall thickness of the channels and adding additional supports within the
heat exchanger reduced warping effects. Three heat exchangers models were successfully
produced after implementing the aforementioned solutions, one of which unfortunately
fractured during post-process machining. The other two were used for experimental char-
acterisation.

Further optimisation of the manufacturing parameters and heat exchanger design should
be considered for improved results.

7.3 Experimental setup

A test bench was designed and constructed to test and characterise the heat exchangers.
The system is set up to use water as the working fluid. It allows the user to independently
adjust the flow rate and pressure through the heat exchangers.

The test bench was designed to enable one user to easily operate the whole bench. The
bench can accommodate various sizes and configurations of heat exchangers. Changing
the flow meters would allow the test bench to work with various other fluids and gases.

The designed system was set up to accommodate a variety of testing parameters whilst
ensuring the accuracy of the results. The heat exchangers and their piping were thermally
insulated to ensure negligible heat loss during operation. The pressure and temperature
sensors were placed as close as possible to the inlet and outlet of the heat exchangers to
ensure accurate results were captured via the data acquisition system.

All instrumentation was tested and calibrated before testing the heat exchangers and ev-
erything performed as expected.

7.4 Experimental procedure and results

The testing of the heat exchangers was done as described in Chapter 5. A total of 12
flow rate settings were tested per heat exchanger, each consisting of at least five tests per
flow rate setting. It resulted in 60 tests per heat exchanger . The tests ran for 6 minutes,
recording a sample every three seconds. The first 20 samples of each test were used to
check the test run’s validity using a set-up Excel test sheet.

The results obtained from testing were accurate enough to characterise the heat exchang-
ers successfully. Some discrepancies were found in the heat transfer and pressure drop
compared to the calculated and CFD results. The leading cause for the deviation was
the assumption of uniform flow through the heat exchanger core in the theoretical model,
impacting both the heat transfer and pressure drop results.

The added supports within the heat exchanger manifolds complicated the pressure loss
calculations, and extra attention should be applied to model these pressure losses more
accurately in future. Furthermore, the effects of pulsating flow on pressure loss should be
included for greater accuracy.
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Table 7.1: Results summary

Heat Maximum . 1 Maximum 9
Exchanger Results Heat Transfer Effectiveness Effectiveness Heat Transfer
Water - Water
Experimental - - - -
0.5 mm Design  Theoretical 2.103 kW 40.36 % 51.96 % 1.354 kW
CFD 1.098 kW 21.03 % 32.24 % 0.842 kW
Experimental 1.290 kW 24.93 % 34.86 % 0.898 kW
1 mm Design Theoretical 1.836 kW 35.46 % 44.81 % 1.151 kW
CFD 1.165 kW 21.20 % 33.10 % 0.909 kW
Experimental 1.234 kW 23.98 % 30.77 % 0.794 kW
2 mm Design Theoretical 1.903 kW 37.01 % 4242 % 1.092 kW
CFD 1.730 kW 33.49 % 46.10 % 1.191 kW
R-134a - Water
0.5 mm Design  Theoretical 1.236 kW 51.37% 62.82% 0.762 kW
1 mm Design  Theoretical 0.981 kW 40.99% 49.16% 0.591 kW
2 mm Design ~ Theoretical 0.977 kW 40.78% 46.56% 0.560 kW

I at maximum heat transfer
2 at maximum effectiveness

Combining the theoretical model and CFD would yield more accurate results. Preliminary
sizing can be done with the theoretical model and refined with CFD before manufacturing.

The R-134a - water numerical simulations shows promising results with similar trends
compared to the results of the experimental, theoretical and CFD. The maximum heat
transfer was achieved at 100% flow rate (hot fluid) and a capacity ratio of 0.25, whereas
the maximum effectiveness was found at 50% flow rate (hot fluid) with a capacity ratio of
0.25. A summary of these results can be found in Table 7.1.

7.5 Recommendations and future research

During the study, it was observed that more research should be done on optimising Ti6Al4V
heat exchangers for additive manufacturing. The channel wall thickness, size, shape, and
manufacturing orientation all impact the ease of manufacturing, heat transfer and pressure
drop and should be carefully considered to reduce costs whilst maintaining good perfor-
mance characteristics.

Stress build-up during the manufacturing process should also be kept in mind as this could
lead to unwanted warping or fractures in the channel walls. Further research on optimising
the channel geometry, layout and wall thickness is required in this regard.
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Future research can also focus on implementing the heat exchangers into ORCs, as time
and budget constraints did not allow testing the additively manufactured heat exchangers
with organic fluids. The effects of fouling were omitted in the study and could be a valu-
able topic of research, particularly focusing on the fouling effects with organic fluids in
additively manufactured Ti6Al4V heat exchangers.

Furthermore, refining the theoretical model would allow more accurate predictions of the
heat exchanger performance. CFD simulations provide beneficial insights into flow distri-
bution within the heat exchanger and should be used to optimise the model before manu-
facturing.

Improvements to the test bench can also be made by replacing the current flow meters with
more accurate digital flow meters, upgrading the external heated reservoir for more stable
operating conditions or changing the diaphragm pump to eliminate the effect of pulsating
flow.

Pulsating flow can, however, have a positive effect on heat transfer and should be con-
sidered for future research. Khosravi-Bizhaem [85] found a 39% increase in convective
heat transfer during experimentation, with more enhancement at lower Reynolds numbers.
These improvements or changes depend on the required testing parameters and should be
reviewed during the design phase.

Valuable lessons were learnt during the execution of the research which may aid future
researchers working in the field of additive manufactured compact heat exchangers. These
lessons learnt are contained in Table 7.2.

Table 7.2: Lessons learnt for the design, manufacturing and experimentation of additive manufactured
Ti6Al4V heat exchangers

No. Lessons learnt Why Suggested further

improvement

Heat exchanger thermal design and simulation

1 Heat exchanger core To ease calculations and Explore different and more
configuration: The heat simulations. The 1-D design complex channel shapes and
exchanger core should be of  of heat exchangers is configurations in future that
a simple configuration when complex. Simple hold the promise of
initially developing the configurations ease the optimised performance.
design methodology for development of the design
additively manufactured for AM.
heat exchangers.

2 Value of CFD simulation: ~ The 1-D design approach

Conduct CFD analyses of
preliminary 1-D designs to
identify unequal flow
distributions.

assumes equal flow
distribution between flow
channels. Unequal flow
distribution will cause the
design rating and/or
effectiveness of the heat
exchanger to not be reached,
in return reducing the heat
exchanger’s efficiency.
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No. Lessons learnt Why Suggested further
improvement

3 Heat exchanger manifold Uneven flow distribution in

design: The inlet manifold the core causes reduced heat

configuration caused exchanger performance.

uneven flow distribution

through the heat exchanger

core. CFD analysis should

be used to design the inlet

manifold to ensure even

flow distribution.
4 Heat exchanger manifold Warped heat exchanger Reduce the length of

warpage: Long
unsupported walls warp
during the AM
manufacturing process.
Supports hinder flow within
the manifold, negatively
impacting pressure drop.

Design for additive manufacturing

1 Overhang optimisation:
Overhangs should be
designed to have an angle
greater than 35° with the
horizontal to ensure a
self-supporting structure.

2 Cut-out supports: Hole
cut-outs or tube sections
with their axis parallel to
the horizontal should be
internally supported.

3 Threaded holes, drilling
and tapping: Threaded
holes, pipes and nozzles
should be additively
manufactured with the
intended screw thread to
minimise screw-cutting
operations.

4 Parts reduction: Functions
should be combined to
reduce the parts count.

walls are defects that cause

a mismatch of mating parts.

This minimises the amount
of post processing and
machining required.

These sections can either
have removable supports or

be designed with permanent

supports where the removal
of internal support poses a
problem.

Screw threads added during

the additive manufacturing
process reduce overall
manufacturing time.

Drilling and tapping smaller

than M6 is not
recommended, especially
for difficult-to-machine
alloys such as Ti6Al4V.

Multiple parts can be
combined to reduce parts
count. A reduction in parts
count reduces post
processing time.

© Central University of Technology, Free State
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Screw threads smaller than
M10 have poor definition.

Functional analysis should
be employed during the
design process to optimise
the function allocation of
parts.
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Table 7.2: Lessons learnt for the design, manufacturing and experimentation of additive manufactured
Ti6Al4V heat exchangers (cont.)

No. Lessons learnt Why Suggested further
improvement
5 Sagging: The top surfaces If sagging is not accounted  Research is required to

of horizontal flow channels
with circular or square
cross-sections will sag if
unsupported. For example,
to achieve a circular flow
channel, the top section
must be designed to have a
slight teardrop profile so
that a circular cross-section
is achieved after sagging
has occurred.

for then the AM process
will produce distorted
horizontal flow channels.

Additive manufacturing of heat exchanger

Manufacturing
orientation: Manufacturing
orientation yields different
surface roughness
depending on the
manufacturing axis.
Generally, the Z-axis
surface roughness is greater
than the roughness on the
X- and Y-axis.

Manufacturing
orientation: The
manufacturing orientation
should be carefully
considered to eliminate or
limit the number of supports
required.

Wall thickness: The
achievable wall thickness
with the selected AM
process or machine might
not be optimal for the heat
exchanger design. Heat
exchanger channels with a
wall thickness of 0.35 mm
were porous whereas a
thickness of 0.5 mm was
leak-proof.

Rough surfaces can be
advantageous; a rough
surface finish can increase
heat transfer at the cost of
increased pressure drop.

Optimal manufacturing
orientation ensures less
material being used during
manufacturing and lessens
the amount of post
processing required.

Mixing between the cold
and hot streams is not
acceptable. Leaks between
the cold and hot streams are
not acceptable. Thicker
walls reduce heat exchanger
effectiveness.
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characterise sagging of
hollow horizontal channels
and the establishment of
design and manufacturing
rules for the achievement of
desired flow channels after
sagging has occurred.

The optimal manufacturing
orientation may limit
design. Internal supporting
structures should be avoided
due to the difficulty of
removal during post
processing.

Further research is required
on the leak tightness of thin
walls to determine the
minimum leak-tight wall
thickness for specific
process conditions and
materials.
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Table 7.2: Lessons learnt for the design, manufacturing and experimentation of additive manufactured
Ti6Al4V heat exchangers (cont.)

No. Lessons learnt Why Suggested further

improvement

4 Warping of thin wall Increasing wall thickness or
sections: Thin wall sections adapting the design to
might warp or fracture. This lessen straight unsupported
typically occurs with wall walls should improve
thicknesses less than 0.5 manufacturability.

mm thick.

5 Powder removal: The heat  Powder removal within the Inspection holes should be
exchanger must be designed  internal structures of the incorporated into the design
to allow metal powder heat exchanger ensures to allow powder removal
removal within internal proper functioning of the and servicing of the heat
structures and channels heat exchanger. exchanger core.
during post processing.

6 Material buildup during A combination of the heat Selecting a different

the AM manufacturing
process: The
manufacturing process and
selected heat exchanger
core geometry caused
material buildup during the
manufacturing process.
Successful manufacturing
was accomplished by
changing the recoating
angle to 35° - 45° so that
the recoating arm passes the
heat exchanger core
diagonally.

Additive manufacturing materials

1

Heat exchanger strength:
The mechanical properties
of Ti6AI4V allow the
manufacturing of strong
thin sections.

Ti6Al4V mechanical
properties: The properties
of Ti64 make it difficult to
machine, thus post-process
machining should be
limited.

exchanger core geometry
and thin walls flicked extra
material on already coated
parts during the recoating
process and changing the
angle at which the recoating
arm coats the core had
positive effects.

Thermally induced stress
during manufacturing can
cause fractures in thin
sections and should be
sufficiently reinforced. Thin
sections joined to thicker
sections may detach, joining
these sections with
chamfers or rounds reduces
stress concentrations.

© Central University of Technology, Free State

geometry for the heat
exchanger core (circular or
triangular channels) or
selecting different AM
technology could eliminate
the phenomenon.
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Table 7.2: Lessons learnt for the design, manufacturing and experimentation of additive manufactured
Ti6Al4V heat exchangers (cont.)

No.

Lessons learnt

Why

Suggested further
improvement

Quality assurance and diagnostics

1

Computed tomography
(CT scans): CT scans give
valuable insight into the
heat exchanger core where
visual inspection is not
possible. It should form part
of the development of new
heat exchanger core
configurations.

Experimental investigation

1

Hot side reservoir
temperature stability: The
hot side reservoir should be
designed to ensure stable
hot side temperatures either
by employing better
temperature control and/or
using a larger reservoir.

Hot fluid pump
overheating: The hot fluid
pump overheated and
consequently had to be
operated intermittently,
although the maximum hot
fluid temperature did not
exceed the maximum fluid
temperature limit of 60°C.

CT scans can be beneficial
for fault finding or checking
intricate heat exchanger
core details. It is a valuable
quality assurance technique.

Unstable hot side
temperatures lead to the
inaccurate characterisation
of the heat exchanger
performance.

Intermittent pump operation
hampers testing.

Exchange the current pump
with a pump capable of
pumping high-temperature
fluids continuously.
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7.6 Conclusion

The capability of additive manufacturing for producing compact heat exchangers in Ti6Al4V
was demonstrated in this study. A theoretical model was successfully developed for deter-
mining the performance of the heat exchangers before manufacturing and provided base-
line parameters for detailed design and CAD modelling. The heat exchangers was charac-
terised experimentally, and the results were compared to that of the theoretical model and
CFD simulations.

A test bench was designed and built to characterise the heat exchangers. The bench was
designed to accommodate various configurations of heat exchangers and can be modified
with relative ease to fit specific applications for future research. High-quality instruments
and materials were used to ensure the test bench’s accuracy and durability. The heat ex-
changers performed as expected, with the experimental results correlating with the theo-
retical and CFD results.

With further research and optimisation, these devices can be incorporated into numerous
processes and systems to increase efficiency.
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A.1 Introduction

The uncertainty of measurement tells us something about its quality; it is the doubt that
exists about the result of any measurement. This margin of doubt can be quantified by the
width of the margin (interval) and the confidence level and may be taken as the possible
value the error may have [82, 88].

Making a measurement at least three times is considered wise. A better estimate of a
“true” value can be obtained by using more measurements. A popular choice for a
number of measurements is ten. Twenty yields a slightly better estimate, and 50 is a
slightly better estimate than 20. [82]

Uncertainties arise from multiple sources and can be categorised as gross, fixed,
systematic, and random errors [88]. These include uncertainty in the measuring
equipment, the object, the process, “imported” uncertainties, operator skill, sampling
issues, and the environment.

The range of a set of values can be characterised to have either a normal or a rectangular
distribution. While there are other distributions, these are the most common. In a normal
distribution, the values will likely fall near the average with some deviation. In a
rectangular distribution the values are more evenly spread throughout the range. [82]

Identifying the source of uncertainty is the first step in calculating the uncertainty of a
measurement. Each source adds a certain magnitude of uncertainty which is then added
together to obtain an overall figure of uncertainty.

Methods utilised by various international organisations to estimate uncertainty are Type
A and Type B evaluations [82, 89]. Type A evaluations are performed using statistical
methods, and Type B evaluations make use of other means [90].

Type A uses simple statistical methods for calculating uncertainty. The standard
uncertainty can be estimated using the following formula:

U= —= (A.1)

where u represents the estimated standard uncertainty, s the estimated standard deviation
and n the number of measurements within the set.

The estimated standard deviation can be obtained through the following formula:

L \/ fo(l(xi —7) a2

n—1)

Where z; is the result of the i** measurement and Z the mean of the data set.
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Type B evaluation is used where information scarcity persists [82]. In these cases, only
an upper and a lower limit of uncertainty are likely to be estimated. Assuming a
rectangular distribution, the standard uncertainty is obtained from:

a
A
V3 (A

with a being the half width of the resolution. Data from manufacturers’ calibration
certificates can be assumed to be normally distributed, thus the divisor = 2.

Individual uncertainties are then, as stated, combined to obtain the combined standard
uncertainty ..

U = \/u12 + ug? + us2... + u,? (A4)

The combined standard uncertainty links a confidence level of approximately 68%.
However, the combined standard uncertainty can be scaled to include a higher level of
confidence by using a coverage factor.

U = ku, (A.5)
Where U represents the expanded uncertainty, & is the coverage factor for which a
particular level of confidence is given by a particular coverage factor value.
k = 1: confidence level = 68%
k = 2: confidence level = 95%
k = 2.58: confidence level = 99%
k = 3: confidence level = 99.7%

For normally distributed combined standard uncertainty, a value of £k = 2 can be
assumed, giving us a 95% confidence level.

Gathering enough data to ensure an accurate representation of a Type A analysis requires
time but due to the lack of time, a Type B analysis was used.

The uncertainties of pressure, temperature and flow measurements were incorporated into
a spreadsheet program using the methods described above (c. f. Tables A.1, A.2 and A.3).
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Table A.1: Summary of calculations for uncertainty of temperature measurement
. .. | Range |Range | Instrument : Probability . Standard 2
Variable [Units . . Source of Uncertainty |+ Value| . ) Divisor A (u)
min | max | Description distrubution uncertainty
Picolog 1216
: g' 0,012 | Rectangular 1,732| 0,007 |°C 0,000050
resolution
Picolog 1216 accuracy | 0,500 Normal 2,000/ 0,250|°C 0,063
Shunt resistor circuit 0,090 Normal 2,000[ 0,045|°C 0,002
400 PT100
: J PT100
Transmitter |*4MO 0,040 | Normal 2,000 0,020|°C 0,0004
instrument error:
Hot Inlet N Jumo 3 wire
C 0 100 TranTech Temperature .
Temperature PT100, . 0,100 Normal 2,000( 0,050|°C 0,0025)
Transmitter
conncected to
Transmitter > Combined standard Expanded
Picolog 1216 uncertainty| Normal n/a| 0,255|°C  |uncertainty
(68% confidence level) % of FS
Expanded uncertainty Normal n/al 0520/ c 0.520%
(95% confidence level) (k=2) ! !
Picolog 1216
8 0,012 | Rectangular | 1,732| 0,007|°C 0,000050
resolution
Picolog 1216 accuracy | 0,500 Normal 2,000[ 0,250|°C 0,063
400PT100 |Shunt resistor circuit 0,090 Normal 2,000 0,045|°C 0,002
Transmitter [Jumo PT100 o
i 0,040 Normal 2,000 0,020|°C 0,0004
instrument error:
Cold Inlet Jumo 3 wire
°C 0 100 TranTech Temperature
Temperature PT100, A P 0,100 Normal 2,000 0,05|°C 0,0025|
Transmitter
conncected to
Transmitter > Combined standard Expanded
Picolog 1216 uncertainty| Normal n/al 0,260|°C uncertainty
(68% confidence level) % of FS
Expanded uncertainty| Normal o
n/a| 0,520|°C 0,520%
(95% confidence level)| (k=2 / )
Picolog 1216
1008 0,012 | Rectangular | 1,732 0,007|°C 0,000050
resolution
Picolog 1216 accuray 0,500 Normal 2,000[ 0,250(|°C 0,063
400 PT100 |[Shunt resistor circuit 0,090 Normal 2,000[ 0,045|°C 0,002
Transmitter [Jumo PT100 .
. 0,040 Normal 2,000 0,020|°C 0,0004
instrument error:
Hot Outlet J 3wi
otDutle °C 0 100 umo 3 wire TranTech Temperature R
Temperature PT100, . 0,100 Normal 2,000 0,05|°C 0,0025|
Transmitter
conncected to
Transmitter > Combined standard Expanded
Picolog 1216 uncertainty| Normal n/a| 0,260(°C  |uncertainty
(68% confidence level) % of FS
Expanded uncertainty| Normal
n/a| 0,520|°C 0,520%
(95% confidence level) (k=2) / i
Picolog 1216 o
i 0,012 | Rectangular 1,732| 0,007 |°C 0,000050
resolution
Picolog 1216 accuray 0,500 Normal 2,000/ 0,250|°C 0,063
400PT100 ([Shunt resistor circuit 0,090 Normal 2,000, 0,045|°C 0,002
Transmitter [Jumo PT100 -
. 0,040 Normal 2,000] 0,020|°C 0,0004
instrument error:
Cold Outlet Jumo 3 wire
°C 0 100 TranTech Temperature
Temperature PT100, . P 0,100 Normal 2,000 0,05/|°C 0,0025|
Transmitter
conncected to
Transmitter > Combined standard Expanded
Picolog 1216 uncertainty| Normal n/al 0,260|°C uncertainty
(68% confidence level) % of FS
Expanded uncertainty| Normal o
n/a| 0,520|°C 0,520%
(95% confidence level) (k=2) / §
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Table A.2: Summary of calculations for uncertainty of pressure measurement
. .. | Range |Range | Instrument ; Probability | . . Standard 2
Variable |[Units A . Source of Uncertainty |+ Value| . . Divisor . (w)
min | max | Description distrubution uncertainty
Picolog 1216 Bar
i 0,005 | Rectangular 1,732| 0,003 0,000008
resolution abs
Picolog 1216 accuray | 0,500 | Normal 2,000 0,250 aBZZ 0,063
B,
Gems Sensor [Shunt resistor circuit 0,090 Normal 2,000 0,045 asg 0,002
Hot Inlet Bar 350,0 Gems Sensor 3500
0 40 transmitter, |, Bar
Pressure abs conecciedito insturment error: 0,100 Normal 2,000 0,050 abs 0,003
Picolog 1216 D25% IS
& Combined standard Bar Expanded
uncertainty| Normal n/al 0,259 abs uncertainty
(68% confidence level) % of FS
Expanded uncertainty| Normal n/al 0518 Bar 1.295%
(95% confidence level) (k=2) """ |abs !
Picolog 1216 B
Icolog 0,005 | Rectangular | 1,732| 0,003|°% | 0,000008
resolution abs
B
Picolog 1216 accuray 0,500 Normal 2,000 0,250 a;: 0,063
Gems Sensor [Shunt resistor circuit 0,090 Normal 2,000 0,045 Sl 0,002
3500 abs
Cold Inlet | Bar . Gems Sensor 3500
0 40 transmitter, |, Bar
Pressure abs A insturment error: 0,100 Normal 2,000 0,050 abs 0,003
Picolog 1216 |22 O FS
€ Combined standard Bar Expanded
uncertainty| Normal n/a| 0,259 abs uncertainty
(68% confidence level) % of FS
Expanded uncertainty| Normal Bar
0,518 1,2959
(95% confidence level)|  (k=2) i abs °
Picolog 1216 B.
10 08 0,005 | Rectangular | 1,732| 0,003|°> | 0,000008
resolution abs
B.
Picolog 1216 accuray 0,500 Normal 2,000{ 0,250 aZ; 0,063
B,
Gems Sensor [Shunt resistor circuit 0,090 Normal 2,000 0,045 azg 0,002
3500
Hot Outlet | Bar ) Gems Sensor 3500
0 40 transmitter, |, Bar
Pressure abs coneccted to insturment error: 0,100 Normal 2,000, 0,050 abs 0,003
Picolog 1216 |2-22%0fFS
& Combined standard Bar Expanded
uncertainty| Normal n/a| 0,259 abs uncertainty
% confidence leve o
(68% confid level) % of FS
Expanded uncertainty Normal Bar
n 0,518 1,295%
(95% confidence level) (k=2) /2 abs 10
Picolog 1216 Bar
: g. 0,005 | Rectangular 1,732| 0,003 0,000008
resolution abs
B
Picolog 1216accuray | 0,500 | Normal | 2,000 0,250 asg 0,063
B,
Gems Sensor |Shunt resistor circuit 0,090 Normal 2,000{ 0,045 aZ; 0,002
Cold Outlet | Bar 0 0 tran?;fnoi(iter Gems Sensor 3500 Bar
Pressure abs coneccted t(,) insturment error: 0,100 Normal 2,000 0,050 abs 0,003
Picolog 1216 |2-22% O FS
€ Combined standard - Expanded
uncertainty Normal n/al 0,259 abs uncertainty
(68% confidence level) % of FS
Expanded uncertainty| Normal Bar
0,518 1,295%
(95% confidence level) (ki=2) n/a abs 3
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Table A.3: Summary of calculations for uncertainty of flow measurement

97

R R Inst t Probabilit Standard
Variable Units arTge anes e ru.m(.en Source of Uncertainty | £ Value .ro o I Y | Divisor . (ui]2
min max Description distrubution uncertainty
i e - Rectangular 1,732| 0,014|I/min 0,000208
0.05 I/min 0,025 E 4 4 7
Flowmeter accuracy = .
) Normal 2,000/ 0,020|l/min 0,000400
Parker S Series |2% of FS 0,040
Hot FI Rate| |/mi 0,2 2 Variable Aj y . Expanded
ot FlowRate Uit :i:;ivr:et:a Combined standard uncertainty i | / 0,02 |I/mi P i
(68% confidence level) oA nia ! min; juneertaingy,
% of FS
Expanded uncertainty Normal / 0,05 ||/mi —
(95% confidence level) (k=2) M= ! min ! °
AL e R = Rectangular 1,732 0,014 (I/mii 0,000208
b ks min 1
0.05 I/min 0,025 &
FownEiRGacE N | 2,000| 0,100 |l/mi 0,010000
ColE Parker S Series |2% of FS 0,200 ottt 4 £ min i
old Flow
[/min 1,5 10 Variable Area . . Expanded
Rate fl . Combined standard uncertainty N | / 0,10 |i/mi -
owmeter (68% confidence level) orma n/a , min | uncertainty
% of FS
Expanded uncertainty Normal / 0,20 |1/mi 0915
(95% confidence level) (k=2) L/ ’ i ’ °
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Test No: C025-75-5
Date: 17-10-2022

C1Hot C2Hot C5Hot C6Hot Cl1 C12 C14 Cl6Cold Flow Flow Rate Atmosph

Samples Inlet Outlet Inlet  Outlet Cold Cold Cold Outlet Rate ColdSide eric

Degrees Celcigrees Celc Bar (AP) Bar (AP) Bar (AP)Bar (AP)rees Cel grees Celq per Milter per Minu ~ Bar

Thi Tho Phi Pho Pci Pco Tci Tco PS_h PS_c Patm

Filled Manually
Total/Average 100 57,81 47,05 1,22 1,18 1,9 1,72 20,19 22,87 15 5,022 291
Steady State Check Values I 57,77595 46,9994 1,21825 1,1853 1,90025 1,7235 20,177 22,8561

2022-10-18T01:05:04+02:00 57,748 46,981 1,217 1,186 1,898 1,72 20,178 22,854 15 5,922 891
2022-10-18T01:05:07+02:00 57,752 46,979 1,217 1,18 1,899 1,722 20,178 22,854 1,5 5,922 891
n 2022-10-18T01:05:10+02:00 57,751 46,979 1,217 1,185 19 1,722 20,178 22,854 1,5 5,922 891
_| 2022-10-18T01:05:13+02:00 57,748 46,982 1,217 1,185 1,9 1,723 20,177 22,852 1,5 5,922 891
m 2022-10-18T01:05:16+02:00 57,75 46,981 1,217 1,18 1,902 1,725 20,178 22,856 1,5 5,922 891
> 2022-10-18T01:05:19+02:00 57,748 46,98 1,219 1,184 1,901 1,723 20,177 22,851 15 5,922 891
U 2022-10-18T01:05:22+02:00 57,75 46,982 1,22 1,18 1,901 1,725 20,174 22,857 1,5 5,922 891
-< 2022-10-18T01:05:25+02:00 57,751 46,985 1,217 1,18 1,901 1,726 20,175 22,858 1,5 5,922 891
(@p) 2022-10-18T01:05:28+02:00 57,756 46,986 1,217 1,184 1,901 1,726 20,175 22,856 15 5,922 891
_| 2022-10-18T01:05:31+02:00 57,756 46,992 1,216 1,185 1,9 1,725 20,173 22,852 1,5 5,922 891
> 2022-10-18T01:05:34+02:00 57,765 46,996 1,218 1,18 1,899 1,725 20,176 22,857 15 5,922 891
_| 2022-10-18T01:05:37+02:00 57,77 47,001 1,218 1,186 1,901 1,726 20,178 22,856 1,5 5,922 891
m 2022-10-18T01:05:40+02:00 57,778 47,005 1,218 1,18 1,901 1,725 20,179 22,857 1,5 5,922 891
(@) 2022-10-18T01:05:43+02:00 57,788 47,008 1,218 1,185 1,901 1,725 20,178 22,856 15 5,922 891
I 2022-10-18T01:05:46+02:00 57,799 47,011 1,218 1,185 1,9 1,724 20,178 22,856 1,5 5,922 891
m 2022-10-18T01:05:49+02:00 57,808 47,016 1,218 1,185 1,9 1,724 20,177 22,859 1,5 5,922 891
(@) 2022-10-18T01:05:52+02:00 57,817 47,023 1,218 1,186 1,899 1,718 20,18 22,858 15 5,922 891
x 2022-10-18T01:05:55+02:00 57,824 47,029 1,217 1,185 1,901 1,723 20,178 22,859 1,5 5,922 891
2022-10-18T01:05:58+02:00 57,827 47,034 1,22 1,184 1,9 1,722 20,177 22,86 15 5,922 891
2022-10-18T01:06:01+02:00 57,833 47,038 1,228 1,189 1,9 1,721 20,178 22,86 1,5 5,922 891
mv) 2022-10-18T01:06:04+02:00 57,839 47,042 1,218 1,184 1,9 1,723 20,177 22,859 1,5 5,922 891
> 2022-10-18T01:06:07+02:00 57,844 47,047 1,217 1,184 1,899 1,72 20,177 22,861 1,5 5,922 891
w 2022-10-18T01:06:10+02:00 57,85 47,058 1,216 1,184 1,899 1,721 20,175 22,862 1,5 5,922 891
—| 2022-10-18T01:06:13+02:00 57,854 47,064 1,217 1,183 1,9 1,722 20,178 22,862 1,5 5,922 891
m 2022-10-18T01:06:16+02:00 57,865 47,071 1,217 1,184 1,899 1,722 20,176 22,864 1,5 5,922 891
I 2022-10-18T01:06:19+02:00 57,87 47,075 1,216 1,184 1,901 1,723 20,173 22,861 1,5 5,922 891
m 2022-10-18T01:06:22+02:00 57,873 47,078 1,217 1,184 1,9 1,721 20,175 22,861 15 5,922 891
- 2022-10-18T01:06:25+02:00 57,877 47,079 1,216 1,183 1,901 1,724 20,17 22,859 1,5 5,922 891
m 2022-10-18T01:06:28+02:00 57,875 47,078 1,216 1,183 1,899 1,721 20,168 22,86 1,5 5,922 891
2022-10-18T01:06:31+02:00 57,871 47,076 1,217 1,183 1,9 1,722 20,171 22,856 1,5 5,922 891
Y 2022-10-18T01:06:34+02:00 57,86 47,073 1,216 1,183 1,9 1,723 20,171 22,854 15 5,922 891
> 2022-10-18T01:06:37+02:00 57,845 47,066 1,216 1,182 1,9 1,722 20,168 22,852 1,5 5,922 891
('_,|) 2022-10-18T01:06:40+02:00 57,832 47,062 1,216 1,183 1,901 1,723 20,172 22,85 1,5 5,922 891
m 2022-10-18T01:06:43+02:00 57,818 47,057 1,216 1,183 1,9 1,723 20,172 22,853 1,5 5,922 891
2022-10-18T01:06:46+02:00 57,803 47,046 1,219 1,184 1,9 1,723 20,168 22,852 15 5,922 891
I 2022-10-18T01:06:49+02:00 57,793 47,041 1,217 1,184 1,901 1,723 20,173 22,853 1,5 5,922 891
m 2022-10-18T01:06:52+02:00 57,776 47,032 1,216 1,184 1,901 1,722 20,171 22,85 1,5 5,922 891
x 2022-10-18T01:06:55+02:00 57,758 47,024 1,216 1,184 19 1,722 20,17 22,852 1,5 5,922 891
m 2022-10-18T01:06:58+02:00 57,743 47,016 1,218 1,185 1,901 1,724 20,174 22,854 15 5,922 891
v 2022-10-18T01:07:01+02:00 57,728 47,006 1,216 1,184 1,902 1,724 20,173 22,853 1,5 5,922 891
> 2022-10-18T01:07:04+02:00 57,721 46,995 1,217 1,18 1,902 1,723 20,175 22,853 1,5 5,922 891
wn 2022-10-18T01:07:07+02:00 57,714 46,989 1,217 1,184 1,901 1,723 20,18 22,854 1,5 5,922 891
_| 2022-10-18T01:07:10+02:00 57,702 46,984 1,217 1,184 1,9 1,723 20,181 22,857 15 5,922 891
m 2022-10-18T01:07:13+02:00 57,687 46,977 1,217 1,183 1,899 1,723 20,184 22,858 15 5,922 891
I 2022-10-18T01:07:16+02:00 57,673 46,971 1,217 1,184 1,9 1,723 20,188 22,862 1,5 5,922 891
m 2022-10-18T01:07:19+02:00 57,66 46,965 1,217 1,184 1,899 1,722 20,191 22,863 1,5 5,922 891
0 2022-10-18T01:07:22+02:00 57,647 46,956 1,217 1,183 1,898 1,72 20,194 22,865 1,5 5,922 891
m 2022-10-18T01:07:25+02:00 57,639 46,949 1,217 1,183 1,9 1,72 20,197 22,868 1,5 5,922 891
v 2022-10-18T01:07:28+02:00 57,632 46,942 1,217 1,183 1,901 1,724 20,201 22,869 1,5 5,922 891
> 2022-10-18T01:07:31+02:00 57,627 46,937 1,218 1,184 1,902 1,725 20,201 22,875 1,5 5,922 891
wn 2022-10-18T01:07:34+02:00 57,622 46,934 1,217 1,18 1,901 1,725 20,203 22,874 15 5,922 891
_| 2022-10-18T01:07:37+02:00 57,622 46,927 1,218 1,184 1,902 1,726 20,208 22,877 15 5,922 891
m 2022-10-18T01:07:40+02:00 57,62 46,924 1,217 1,184 1,9 1,724 20,21 22,878 1,5 5,922 891
2022-10-18T01:07:43+02:00 57,624 46,923 1,218 1,184 1,9 1,724 20,212 22,881 1,5 5,922 891
I 2022-10-18T01:07:46+02:00 57,629 46,923 1,218 1,183 1,898 1,721 20,215 22,882 15 5,922 891
m 2022-10-18T01:07:49+02:00 57,637 46,925 1,226 1,189 1,899 1,72 20,217 22,884 1,5 5,922 891
E 2022-10-18T01:07:52+02:00 57,647 46,928 1,232 1,19 1,899 1,721 20,217 22,884 1,5 5,922 891
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DeltaTh DeltaTc Delta Ph Delta Pc gh qc gmax Cr e U NTU EBE %
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Figure B.2: Excel test sheet example, steady state check graphs
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Hot Side
Recorded Values Calculated
Temperature System Pressure Flow Rate Density (Rho) Specific Heat Capacity (cp) Mass Flow Heat Transfer (q)
Kelvin Pa /s kg/mA3 ki/kg K kg/s kw
T intet R 32657,00 0,0250 984,29 4,18 0,025 -
Outlet 320,20 29321,00 0,0250 989,32 4,18 0,025 -
D 10,76 3336,00 Average 986,81 4,18 0,02467 1,10994 kW
Thi-Tho Phi-Pho 1109,94452 W
Cold Side
Recorded Values Calculated
Temperature System Pressure Flow Rate Density (Rho) Specific Heat Capacity (cp) Mass Flow Heat Transfer (q)
Kelvin Pa 1/s kg/m"3 kl/kg K kg/s kW
T inlet 25334 100708,00 0,099 998,17 4,18 0,099 -
Outlet 296,02 83043,00 0,099 997,56 4,18 0,098 -
D 2,68 17665,00 Average 997,86 4,18 0,09849 1,10498 kW
Tco-Tci Pci-Pco 1104,97552 W
Capacity Rates
C_h 0,103 kw/°C Cmax 0,412 kW/°C
C ¢ 0,412 kW/°C 412,0644417
Cr 0,250 Capacity Ratio Cmin r 0,103 kw/°C
103,1364829
Maximum Heat Transfer
3,87978 kW
3879,78409 W
Effectiveness
1 2
e= 0,286 Manuallydone B
HOT ’ i ¥ i
Lo 0,285
Cold e= 0,285
Overall Heat Transfer Coefficient
Thi Tho
ATm 30,72 °C 2 1|
296,02 _
Tco Tci
Data from model
Area 1323,5 mm~"2 Per Row 12 Rows 6 Per Fluid
0,0013235 m~2 1 Heat transfer Area per row
Total 0,007941 m~2 Per Fluid 6 Total
U=q/AATmM
u 4550,03 W/mA2 K
4,55 kW/mA2 K
Number of Transfer Units
NTU = 0,35
Figure B.3: Excel calculation sheet example
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C.1 Experimental results
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C.2 CFD results
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C.3 Theoretical results: water - water

© Central University of Technology, Free State



113

Central University of

APPENDIX C. RESULTS S ... X Technology. Free State

%000

150

¥£'69

%9€'07 00717 00'POTZ 00'€0TC 00'cvPEC 00'80EE €8'¢ €€'ST E€T0'T 062 T 00'WZ 00'0C 8T 10 86T 10t 8ty 8§ T £
%00'0 850 T0'09  %LT'GE 00'606E 00'99/T 00°99/T 00'6vOFT 00'9PT 67'F 9T'ZT E€T0'T T6'S ST O¥'vZ  000C 8T 10t 66T T0'E TIF 25 1 7 570
%000 00 FI'SY  %96'TS 00'909¢ 00'vSET 00'7SET 00'6PL8 000791 €6'v ¥.'6L EE10°T S6'c T 0I'Sc 00'0C €6  10't 00t 10t +#'8 89 I 1
%000 SY'0 0079  %.8'9¢ 00'EIZS 00'T¢6T 007¢6T D0'/SP8 00'RECE 00/ TO'PT EE10'T S6'€ ¢ 0T/ o00'0C €6'c 10't 86T 10t TI'vr 89 I £
%000 TS0 OF'ES  %IT'TEF 00°606€ 00'TT9T 00'TTOT 000809 00'/8ET 78’ 99'ST E€I0'T 96T ST 00'87 0007 S6'T T0€ 66T T0'€ ST 85 T 7 50
%00'0 790 8S'Tr  %8E'/F 009097 00'SECT 00'SETT 00'99%€ 00'€/ST 66'8 00'8T E€T0'T /6T T OT'6C 000 /46T TO€ 00t 10t TOF 8§ T 1
%000  2¥'0 T0'LS  %Ib'PE 00'ETTS 00'v6LT 00'p6LT 00'W6TS O00'T6TE 08'c 80'ET E£T0'T €9'C T 000 0002 96T 10t 86T T0E TSk 8§ T £
%000  8Y'0 ¥A'SY  %EF'8E 00°0T6E 00'€0ST 00'€0ST 00'8SLE  00°9F€C #6'0T 09'vT E£€10°T L6T ST OI'TE 000¢ 8¢ 10't 66T 10t S 89 T 4 G20
%00'0  £S'0 98'8¢  %ST'PF 009097 00'TSTT QO'TSTT 00'S0¥Z  00'TPST LS'TT 89T E£10'T ¢€T T 0LTE 000 66T 10t 00 10t ¥IF 8§ I 1
%000 6E'D VC'ES  %ISTE 00'ETTS 00'S69T 00'P69T 00'S89€ O00'ESTE vE'TT SE'TT E€T0'T (6T T 0S'TE 000 86T 10t 86T T0'€ &Sk 85 T £
%000 ¥¥'0 89St %979 00'0T6E 00'8TFT 00'8TYT 00'€/9Z 00'PTEC LL'€T 8L'€T E£T0'T 8%'T ST O06'€E 0002 667 T0t 66T T0E vk 8§ T z 1
%00'0 €50 £0'9€  %P9'TF 00°9097 00S80T 00'G80T 00FTLT 00'GTST T8'ST T8'ST E£T0'T 660 T 009¢ 0002 00t T0€ 00t T0'E €T 8§ I 1
{sqe) (sqe) (sqe) (sqe) sumss
i ? 7
% - roumo g M M M Ed ed (2.0 () leg W4l W41 () () g teq  leq  eq 2.0 (0. ‘onN1saL ot 5y
*h sath n 3 el *h ih ’dV Wyl v ™™g d Y4 7L “d 4 N MMM eleq dnoio1ss L

I0TUBYOX9 JBoY WIW G°() AU} I0J SINSAI [BI1II0A) JoJeM - I9Jem Jo Arewrwing :9°0) 9[qeL,

© Central University of Technology, Free State



114

Central University of

APPENDIX C. RESULTS S ... X Technology. Free State

%000 Ov'0 08'YS  %9Y'SE 00'9/TS 00'9E8T 00'9L8T 00'S9ETT 00'ST9T vE'E §E'€T €ET0T 06'L T OS'€C 0007 €T7 SI'7 0T T 9%  8S 1 £
%000 S0 TE'Or  %IE€'6E 00'8S8E 00'LIGT 00'ZTST 00'T/8TT 09796 89'€ wL'PT EETOT T6'C ST OT'WC 000 68T 06T T TC'T Ter 8§ T [ 4]
%000 TG0 68'SE  %I8'vy 00'69S7 00'TSTT O0'TSTT Q0T8RS OT'vir 6'v 6£°0T EETOT S6'€ T  0L%C 000 6SST 9ST [T [ET 7T 8§ I [i
%000 SE0 £9'8F  %STTE 00'S5TS 00'ETST O0'ETOT 00'Z66S 00'ZT9T /8'S SLTT EETOT S6'€ T 0E€9Z 0007 T6T 16T #ZT 2T T9F 8§ T £
%000 0F'0 /80  %SS'VE 00'SSBE  00'ZEET O0'TEET 00'TISE 0S'8S6 /b9 SA'ZT EETOT 96T ST 00'/C 000 ¥9T 9T 97T 92T S 8§ T T 5D
%000 9¥'0 SSTE  %6I'GE 00'085Z 00'TTOT O0TIOT 009891 06'69F 9€'L wL'%T EETOT 46T T 0L/C 0000 VT T¥T [ZT (2T Ter 8§ I T
%000 TED BE'WP  %YE'ST 00'69TS 00'SOYT 00'SOYT 00°DS8T  00TIOT 008 89'DT EE€TOT €97 T OF'ST 000 #8T S8T 7T @1 +¥iv &S T £
%000 90 0T/ %IT'TE 00'988€ O00'ETCT OO'ETZT 00'ERIT OF'PS6 88 6L'TT EETOT L6T ST OI'6C 0007 69T OLT [T [ZT €9 &S T 7 sio
%I0'0- [TF'D 79'8C  %S8T'SE 00'T6ST OE'YI6 O7'FI6 06'TER  08'09r 66'6 EE'ET EETOT ZET T 070 000 SU'T SI'T #2T 2T ['%b &S T E
%000 00E'0 ZI'TP  %L0'9Z 00'09TS 00'SYET O0'SPET 00'TTLT 00'609T 086 086 EETOT 46T T OT'0E 000 [¥'T 8¢T 6ZT 6CT T'8F 8% T €
%000 VEE'D OF'PE  %V9'8T 00'/p8E 00'TOTT 00'TOTT 00'ZZ0T O0LTS6 0L0T TL0T €E€T0T 8¢'T ST 0TTE 000 [9T 9T [T ([ZT Tlv 8§ T 4 T
%I0'0- GBE'D £F'OT  %IE'TE 00'T9ST 0S'[78 OV'ZTR OT'EIS 0S'P9F SO'TT 90'TT EETOT 66'0 T OLT€ 000C 9ZT 9T OET O0ET 6'Sh 89 T [i
% N uimo oy M M M Ed ed (D) (. eg owdl war () () Isge {sae] {5 (o) ) () onisel uas a
nN - - leq Ieq Ieq leq moj4
*b sath n 3 *h b b v Wyl lv "Bd sd fsd UL L “d e [ " I - | eleq dnoig 1se |

I0ZUBYOXQ JBAY W | ) JOJ SI[NSAI [RONRI0A} JajeM - Idjem Jo Arewrwing :/ D) 9[qeL

© Central University of Technology, Free State



115

Central University of
Technology, Free State

APPENDIX C. RESULTS S.

%000  SP'0 0E'?9  %IO'LE 00'0FIS 00'E06T 00'C06T 00'9TYAT 00'T9ZT 9¥'t /8'€T €ET0'T 06'L T 09'tr 000¢ 96T 96T SZT ST 8¢r 89 T £
%000 6V'0 9705 %9T'6E 00'GS8E  00'PTST 00°PIST 00'/Z60T O€'0TL /9 TL'%T €ET0'T T6'S ST 00t 000¢ L6T LT 97T 92T T'ev 89 T st
%000  ¥5'0 T6'9E  %Ib'ty 00'F/ST 00'T60T 00°T60T 00'T98F 0L'9TE 86'c T6'ST €ET0'T Se'€ T OFFe 000C /ST ST 8CT 8¢T @ 85 T I
%000 6E'0 ER'ES  %98'TE 00'6LIS 00'T0LT 00'TOLT 00'T88F 00'09ZT 079 Tr'Tl €€T0T S6'€ ¢ o¥'9r o000t T wW'T T €T Sk 8s T £
%000 TV L¥'Er  %68'PE 00'T98E 00'LPET 00'LPET 00'8vLT 06'60L $S'9 GO'ET €ET0'T 96T ST 00'Lz 00'0¢ 95T 95T vl w7 6'%r 89 T 4 50
%000 [P0 TE'TE  %PL'LE 009857 0T'9L6 0T'9L6 00'%WZCT 05'9T€ TT'L €T €ET0'T 46T T 0S4 000¢ TIST IST STT ST 8¢y 89 T T
%000 SE'0 LT'87  %6'6C 00'8SIS 00'vPST 00'7PST D0'Z8TC 00'6SCT £¥'8 SCTT €€T0'T €9C ¢ 088 000 8€T 8T  9r'T 91T 9% 89 I £
%000 8€'0 06'8¢  %08'TE 00'TY8E 00'TTCT 00TTLT 00'TECT 0L'60L 068 £8TT €107 L6T ST 0S'6¢ 000¢ 18T 18T T¢T T¢T T9% 89 E [ATA1)
%000  TV'0 T8t %C9'PE 00'/8vT 00'T98 00'T98 06'8¥S  O€9TE T¥'6 SSTT EET0T ZET T O¥'TE  00'0c  /TT LTT 8TT 8TT 99k 8§ i3 T
%000 TE'0 STPr  %8L'/T 00°7T96F 00'8LET 00°8LET 00'SPCT  00°65ZT vO'0T SO'0T €ET0°T L6T T 08'TE 000¢ 88T 88T 8T 8T 6&'lv 8§ T £
%000  ¥E'0 S¥'SE  %6E'6C 00'688€ O00'EYTT O00'EHTIT 08'00L 0S'60L OT'TT TT'TT €ET0°T 8F'T GT OFTE 0007 €T LT TZT T1¢T 69r 89 T z I
%000 8E'0 v0'97  %O0G'TE 006957 06'6T8 06618 OLTIE 0£9TE ¥6'TT S6'TT €EI0'T 66'0 T 0S'TE 000C /ST IST 0T 0T T9% 89 T T
(sqe)  (sqe) (sqe) (sqe) Bumas
a _ !
% _— N umeo g M M M ed Bd (2. (. reg owdl wd1 (. (.) wq  leq  Jeq  seq 0. . onisal Kaih )
b satb n 3 Xewhy % 4y Wy iy v "4 %4 Y4 "L 1 “d T T - e1eq dnoigsa)

I0ZUBYOXQ JBAY W 7 9Y) J0J SI[NSAI [RONRI0A} JojeM - Iojem Jo Arewrwng :8°0) 9[qeL

© Central University of Technology, Free State



Q)

Central University of

APPENDIX C. RESULTS S ... X Technology. Free State 116

C.4 Theoretical results: R-134a - water
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The following mathematical model was developed for the preliminary sizing of the heat
exchangers with a target heat transfer rate of 2 kW.

EES Equations
Input
Too.h:in = ConvertTemp(C; K; 58 [C]) Hot Inlet (D.1)
Phin = 301330 [Pa] 2 bar (D.2)
T.c:in = ConvertTemp(C'; K; 20 [C])  Cold Inlet (D.3)
Pein = 301330 [Pa] 2 bar (D.4)
Troom = ConvertTemp(C; K; 20 [C]) Room Temp (D.5)
5 m¥/s
Qn=1-11,66667 x 10 - Flow Rate [1/s] (D.6)
1/min
m? /s
Qe.=1-1,66667 x 10° ——'— (D.7)
1/min
HX Geometry
HX,., =0,001 [m] outer wall thickness (D.8)
HX chip = 0,0005 [m]  channel wall thickness (D.9)
H.y = 0,0005 [m] channel height (D.10)
W = 0,0005 [m]  channel width (D.11)
Ney =20 number of channels per row (D.12)
N, =11 number of rows (D.13)
Lepizy = 0,015 [m]  channel lenght L1 (D.14)
Lepi2 = 0,015 [m]  channel lenght L2 (D.15)
Lenirotat = Leni;t + Lenisro (D.16)
Ly =0,018 [m]  Manifold length (D.17)
Wir = 0,013 [m]  Manifold width (D.18)
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Mean Temperatures
Point 1 is hot in/cold out point 2 is hot out/cold in
Tocihiz1 = o +2 hmid ot Free-stream Mean Temperature (D.19)
T TOO'C'Ou Toocmz
Tt = sciout ; smid - Cold Free-stream Mean Temperature (D.20)
= Too ;mai Too ;0U
Tooipizz = —2" d; hiout (D.21)
= Toocmz Toocm
Toieipz = —2om ; ” (D.22)
Wall Temperatures
Tw-c-o - Too-c-out
Twsnyi = = = cRwpy ) + Tyco
" ((( Reep ) “) “ ) (D.23)
Wall Temperature at Hot Inlet
Tw-c-mid - Too-c-mid
Tw' ‘mid — — — - Rw + Tw'C'mi
e ((( Re.a ) “) “ d) (D.24)
Wall Temperature at Hot Mid
Topci — Tooici
Tw. o — w;Cit o0CTn . Rw _"_ Twcz
" ((( Recs ) “) “ ) (D.25)
Wall Temperature at Hot Outlet
TOO'h'out - Tw'h'o> ))
Tw-c-z’ - Tw- 0 — - - Rw
- < . (( Rep,r b (D.26)
Wall Temperature at Cold Inlet
Too-h'mz'd - Tw'h'mz’d
Tw'C'mi - Tw' ymid — — - Rw
e ( i (( Renza ) ”)) (D.27)
Wall Temperature at Cold Mid
Too-h-in - Tw-h-o) ))
Tw-c-o - Tw' W — — - Rw
“ ( " <( Reni1 " (D.28)

Wall Temperature at Cold Outlet
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Film Temperatures
Ty = b +2T°°?’“i" hot in (D.29)
T i = ~2imid ; Lootomid 1ot mid (D.30)
Ty = 01 +2T°°3h?"“t hot out D31)
i = W cold in (D.32)
T i = i ; Toogmid - o1d mid (D.33)
Tfio = Twiew +2T°°?“"“t cold out (D.34)
Trnr1 = T +2Tf;h;mid mean film temp hot (D.35)
Trer = 1y ;C;mid; Lo mean film temp cold (D.36)
Typzy = —0umid + Lt (D.37)
Tyyozy = 1 ¥ Lhomid (D.38)
Mean Temperatures
Thry = Tociit ;_ Tyt mean temp hot (D.39)
T.r1 = T ;r Tran mean temp cold (D.40)
Thns = Tooihir2 ;- Ttohiro (D.41)
Tors = Toie;L2 ;- Ty.e;r2 (D.42)
Toprimat = Tushimid _2'_ Twicmid material operating temp (D.43)
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Mean Pressures p P
Phpi = M mean pressure hot (D.44)
= PC'mi PC'ou
P.ry = % mean pressure cold (D.45)
D\ P ;ma P ;0u
Pyyps =~ ; hiout (D.46)
= PC'z'n PC'mi
Puypy = =050 J; mid (D.47)
PROPERTIES
Material Ti64
Pmat = p (Tigarav; T =300 [K]) Density material (D.48)
Pmat = Cp (Tl6aav; T =300 [K])  Specific Heat material (D.49)
kmat = kK (Tigarav: T = Toprimar)  Conductivity material (D.50)
SR =0,000014 [m] Surface Roughness (D.51)
RR = SR/D, Relative Roughness (D.52)
All fluid properties ae evaluated at the mean temperature of the fluid
HOT-SIDE - WATER
Phyin = P (Wate'r; T= Too;h;z'n; P = Ph;in) (D.53)
Primia = p (Water; T = Tuonmida; P = Phimia) (D.54)
Phiout = P (Water; T= Too;h;out; P= Ph;out) (D55)
Phigmsp = hiin T Phimid 2p Rimid (D.56)
PhomiL2 = Ph;mid ;‘ Ph;out (D57)
CPhmia = Cp (Water; T = Toonmia; P = Phmia) (D.58)
Spiin = (Water; T =Tuopin; P = Phuin) (D.59)
Shymid = S (Water; T= Too;h;mid; P= Ph;mid) (D60)
Sh;out = S (Water; T= Too;h;out; P= Ph;out) (D61)
Phirl = P (Water; T= Th;m; P= Ph;Ll) Density hot (D.62)
Py = ¢p (Water; T=T,11; P= Pyr1)  Specific heat hot (D.63)
pnsza = o (Water; T = Typ1; P= Pyr1)  Dynamic viscocity hot (D.64)
knn =k (Water; T = Tjr1; P= Pyra)  Conductiviy hot (D.65)
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Pry. =P, (Water; T= Th;Ll; P= ph;Ll) Prandtl number
Ph,L2 = P (Water; T =Th.10; P= ph;LZ)
Pppa = Cp (Water; T =Tyro; P = Prypo)
pinsre = po (Water; T = Typa; P = Pyypo)
ko =k (Water; T= Th;w; P= Ph;w)
Pry.re = P; (Water; T= Th;w; P= Ph;Lg)

COLD-SIDE - WATER
Peiin = P (Water; T= Too;c;m; P = Pc;z'n)

Pe;mid = P (Water; T= Too;c;mz’d; P= Pc;mz’d)
Pc;out = P (Wate'r’; T= Too;c;out; P= Pc;out)
o Pe;out + Pe;mid

Pe;m; L1 —
2
o Pe;mid + Pciin
Pe;m;L2 = 2

CPemia = Cp (Water; T = Tioicomid; P = Peymia)
Pe;L1 = P (Water; T= Tc;Ll; P = _c;Ll)
CPe:p1 = Cp (Wate'r; T= TC;M; P = Pc;m)
He;p1r = 1 (Water; T = Tc;Ll; P = Pc;Ll)
keri =k (Wate'r; T="T..1; P= _C;Ll)
Prer, =Py (Wate'r; T= Tc;m; P = c;Ll)
Pe;L2 = P (Water; T= TC;LQ; P = _c;LQ)
CPe;r2 = Cp (Water; T= Tc;Lz; P= pc;LZ)
He;p2 = 1 (Wate'r; T= Tc;m; P
kere =k (Wate'r; T="T.0 P= c;LQ)
Prers = Py (Water; T= TC;LQ; P= PC;LQ)

I
o
~
[
~—
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COLD-SIDE - R-134a (used for the R-134a calculations)
Pciin = P (3134&, T= Too;c;in; P= Pc;in)

Pe;mid = P (3134&, T= Too;c;mid; P= Pc;mid)
Peciout = P (R134a7 T= Too;c;out; P= Pc;out)

o Pc;out + Pe;mid
Pe;m; L1 = 9

o Pe;mid + Pciin
Pe;m;L2 = 9

CPemia = ¢p (Water; T =T cmid; P = Pemid)
Pe;L1 = P (R134a; T = Tc;Ll; P = _c;Ll)
CPe;r1 = Cp (Rl34a; T="T..1; P= pc;Ll)
M1 = M (R134a; T= Tc;m; P = Pc;Ll)
kern =k (Rl34a; T="T.1:; P= _c;Ll)
PTc;Ll =P, (R134a; T= Tc;Ll; P = _c;Ll)
Pe;L2 = P (R134a; T= Tc;Lz; P=PF,
CP¢;12 = Cp (R134a; T= TC;L2; P = PC'LQ)
fie;ry = o (R134a; T = Topo; P = )
kere =k (R134a; T =Ty P )
Propo =P, (R134a; T=T.p12; P = P.15)
Seout = S (R134a; T = Tiocout; P = Prout)
heour = h (R134a; T = Too.cout; P = Prout)
P.=P(R134a; T = Tw.cot: P = Prout)
CPe¢iin = Cp (R134a; T = Tw.ciin; P = Prin)
. =x(R134a; T = Too.cout; P = Prout)

P, L2
Fe;ra
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(D.92)
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Calculations

AREA
Wiex = (HX o - 2) + Went - Newt) + (HX chiww - (New — 1))

HHX = ((HXo;w ' 2) + (Hchl : Nr) + (HXchl;w ' (Nr - 1)))
pon = (Wen + Hepy) -2 Wetted perimeter

A = Went - New + (HX chizy - (New — 1))
. (Hchl . N’r + (HXchl;w . (Nr - 1)))
Frontal area of hx total core

A. = Wepy - Heng) - (Newy - N,)  Free-flow area

Afr;h = ((Nchl : Wchl) + ((Nchl - 1) : HXchl;w)) : (N'r;h : Hchl)
Fontal area hot

Afrie = ((Newt » Went) + (New — 1) - HX chiw)) © (Nose - Henr)
Fontal area cold
Aeh = Went - Hent) - (Nent * Noan)
Age = Went - Hem) - (Nent - Niye)
N,.,, = Trunc(N, /2)  Free-flow area hot
N,.. =Round(N, /2) Free-flow area cold
on, = Acn/Aysrn  Ratio of free-flow to fronal hot
0. = Acc/As. Ratio of free-flow to fronal cold
Acht.er = Wem - Hey - Channel cross section
Dy =4- Acper/ppr, - Channel hyd Diameter
Achizs;n = Wen - Lep;zn - Channel HT area L1
Apern = ((Achisinr - Newt) - (Ny — 1)) + Ayp + Ap.pn Total HT area L1
Achtisirz = Went * Leni;z2
Apra = ((Achisinz - New) - (Ny — 1)) + Ayr + Ao
Ape = (Anerr + Aner2)

Manifold Area - Both sides are the same

Ayr = (Lyr - Wyr) - (N, — 1) Manifold Heat Transfer Area
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Flow Calculations
mpps = ((Prsin) - @n)  Water - Hot mass flow rate (D.130)
Meps = ((Pein) - Q)  Water - Cold mass flow rate (D.131)
. Mh,ps
ohl = ————— Mass fl h 1 D.132
Mh;chi (Nows - Nyt ass flow per channe ( )
. chS
cehl = ——————  Mass fl h 1 D.133
Me:chl (Nows - Now) ass flow per channe ( )
Mh;chi )
Vehlsh: L1 = Flow velo in channel (D.134)
(ph;Ll : Achl;cr)
Uchlye; L1 = mc—ﬁfl (D135)
Pe;L1 * Achlser
Uchl;h; L2 = mh—;fl (D.136)
Ph;L2 * Achlier
UehtsesLa = —m“;;” (D.137)
Pe;L2 * Achlser
Gh = mh;ps/Ac;h Mass velo (D138)
Ge = Meps/Ace (D.139)
11 Venthrt - D
Reppy = L UL Zh - Revnolds number (D.140)
Hh:L1
c; * Uchl;c; : D
Rec;Ll _ Pe;L1 * Uchlse; L1 h (D.141)
He;L1
1o VenlihLo - D
Repps = Ph;L2 * Uchl;h;L2 h (D.142)
Hh;L2
c: * Uchl;c; -D
Reps = Pe;L2 * Uchlye; L2 h (D.143)
He; L2
Entrance Length
Lam flow <2300
Leh;Lam = O, 06 - Reh;Ll . Dh (D144)
LGC;Lam = O, 06 - RGC;LQ . Dh (D145)
Turbulent flow >4000
Levru =44+ (Rejl},) - Dy (D.146)
Learar = 4,4 (Reiffz) - Dy (D.147)
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Nusselt Number Calculations
vir1 = 0,023 (RepS) - Privyy (D.148)
vz = 0,023 (Regy,) - Priy, (D.149)
Vsze = 0,023+ (Rey:5,) - Privys (D.150)
Verz = 0,023 (Reyy,) - Progy (D.151)
Re > 10% 0,7< Pr < 120, L/dh > 10, 0.3 for cooling, 0.4 for heating
Overall Heat Transfer Coefficient
1
Vi = i H X, 1 (D.152)
(m;h;Lrhih;LrAht;m) ™ (kmat-Ah;;L1> T (nt;c;Ll'hic;Ll'Aht;Ll) '
Overall Heat Transfer coefficient
1
Ul = Overall HT coefficient based on R (D.153)
(RT;LI . Aht;Ll)
UA;s = ! D.154)
L2 = ( 1 )+ () ¢ ( ) ) (D.
Ne;h; L2 Min L1 Ant; L2 kmat-Ant;L2 Neye;L2 i, L1 Ant; L2
1
Urg— —— — (D.155
k2 RT;LQ : Aht;LQ )
UA=UA, +UAs (D.156)
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Fin Efficiency
Fin Area

Full Fin
Acr = Hep - We Fin Cross Sectional Area

Afr1 =2 Hey - Lenrn - (New — 1) - N, Exposed fin area per channel
Ao =2 Hep - Lenira - (Newy — 1) - N,
A = A
Aps = Apiro
Py = H.p -2 Fin Perimeter, No conv. at tip
L = H.; Heightof Fin
Fin Hot L1
tanh g1 L
it = arém(:ZLlL) ) Fin Efficiency Hot Side - L1
hirp.p1 - P
Mp. L1 = Myt 7F h; = h;, Performance Factor
kmat ' Ac;f
Wign1 = (hinp1)
Qmaz; f;h;L1 = hif;h;Ll : (Pf : L) -abs (Tb;h;Ll - Too;h;Ll)
P¢*L = Exposed Fin area, qmax for fin
Tw- 2 Tw- RuX?
Thnr1 = ih; +2 himid - Base temp fin
Tooitiz1 = Toone1 Free stream Temp
Qf:h:L1 = T f:hiL1 * Gmaz:fihot Fin Heat Transfer Rate
qf:h;L1
M1y, = =M*tanh(ml
BLUT Ctanh (mp. - L) O (ml)
M1y, .
Qh;Ll = = ’ M:sqrt(hlf;h;m*Pf*kmat*Ac;f)*theta
(\/h'zf;h;Ll : Pf : kmat : Ac;f)

Ttinh:r1 = Onn1 + Tooinirn

Nenszr = L — (1= 0pnr1) - Ap /A

Fin Hot L2
tanh (mp, 2 - L)
NfihL2 = e L
hifp.ro - Py
My =\ 75
kmat : Ac;f

igna = (hina)
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Qmaz; f;h;L2 = hif;h;LQ : (Pf : L) - abs (Tb;h;LQ - Too;h;LQ)

Tw;h;mid + Tw;h;o
2

Too;h;LZ - Too;h;LQ

Tb;h;LQ -

qf;n;L2 = Mf:hL2 * Qmaz;f;h; L2

qfih;L2
Mly.10 =
27 (tanh (mpLo - L))
O 1y — M1y.10
;L2 — -
(\/hzf;h;LQ : Pf . kmat . Ac;f)

Tinhir2 = Onn2 + TooihiL2

Nenr2 = 1 — (1 - 77f;h;L2> ) Af§L2/AL2

Fin Cold L1

_ tanh (mez1 - L)

Nfie;L1 = Mer - I

hif;C;Ll = (hiC;Ll)

Qmaz;fic;L1 = hif;c;Ll : (Pf ' L) - abs (Tb;c;Ll - Too;c;Ll)
T’LU'C'O + Tw;c;mid
Tb;c;Ll - — 9

Too;c;Ll - Too;c;Ll
qf;c;Ll - 77f;c;L1 : QMax;f;c;Ll

Qf;c;Ll

Ml.p, =
1 (tanh (mep - L))
0 M1p.11
oLl — 3
(\/h'zf;c;Ll : Pf . kmat : Ac;f)
Tfin;c;Ll = ec;Ll + Too;c;Ll
Mozt = 1 — (1= nper1) - Apn /A
Fin Cold L2

_ tanh (M2 - L)

Nfie;L2 = Mers - I

hit.ero- P
MeL2 = Liel? !

kmat : Ac;f

hif;C;L2 = (hiC;L2)

Amaz;fic;L2 = hif;c;LZ : (Pf : L) - abs (Tb;c;LZ — Too;c;LQ)

Tw;c;mid + Tw;c;i
2

Tb;c;LQ -
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Too;c;LZ - Too;c;LZ (D202)
qf;c;LZ - 7]f;c;L2 : QMax;f;c;LZ (D203)
Qf;c;LQ
M1, = D.204
2= (tanh (mogs - 1) (D-204)
M1..

Ousra = —— 2 (D.205)

(\/hZf;C;L2 ’ Pf * Kmat - AC;f)
Tfin;c;L2 = 00;L2 + Too;c;LQ (D.206)
Neer2 = 1 — (L= nper2) - Afpra/Ars (D.207)

Resistance

Convective Resistance

Rip.r1 = w Estimate convective coef (D.208)
h
c; : kc-
Rior1 = % (D.209)
h
1
Rep.p = - Convective resistance (D.210)
(Mehiz1 - Minsra - Anezr)
1
Ree.pq = : D.211
i I’]t;c;Ll . hlc;Ll : Aht;Ll ( )
Rip.ro = w Estimate convective coef (D.212)
h
h. o Vc;LQ . kc;LQ
le;L2 = —Dh (D.213)
1
Rep.ro = - Convective resistance (D.214)
(77t;h;L2 : hZh;LQ : Aht;LQ)
1
Reepo = : D.215
2 Ne:e;L2 hZc;LQ : Aht;L2 ( )
Sth.r1 = UhiL1 Stanton Number (D.216)

(Ren.r1 - Pra.r1)
Rip.r1.st = Sthira * Phint - CPh:L1 - Venisnzn  Convective coefficient - Stno.  (D.217)

Conductive Resistance

HXchl;u)

—————  Conductive resistance (D.218)
(kmat : Aht;Ll)

Rle =

HXchl;w

rehhw D.219
kmat : Aht;LQ ( )

R’LULQ =
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Total Resistance

Rr.11 = Reppn + Rwpy + Regn (D.220)
Rp.1o = Reppo + Rwps + Reero (D.221)

Capaciy Rate
Chiz1 = Mips * CPp.1a (D.222)
Cen1 = Meps  CPe1 (D.223)
Crinse1 = min (Cpyr1; Cer1) (D.224)
Crazizr = max (Cpyr1; Cern) (D.225)
Cr1 = Chiniz1/Cmazsz1 - Capacity Ratio (D.226)
Chiz2 = Mi,ps * CPp.1o (D.227)
Ce.na = Meps - CPppo (D.228)
Crinsz2 = min (Ch.r2; Cer2) (D.229)
Craz;2 = max (Ch;ro; Cera) (D.230)
Cla = Chin:z2/ Crnaz: L2 (D.231)

Effectiveness
€r1 = % C*=1 (D.232)
€rs = —(N]TV ggi 5 C*=1 (D.233)
07 +qr2 (D.234)

Qmaz

NTU =UAL /Crin:ia (D.235)
NTU s =UApLs/Crin;L2 (D.236)
NTU =UA/Crin:1a (D.237)

Heat Transfer

Qhot = ;S * CPhmia * (Looinsin — Tooshiout) G based on mass flow full length (D.238)

Qcold = Me;PS * CPeimid * (Too;c;out - Too;c;z‘n)
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2

Maximum temperature difference

Omin' Omzn
Qmaz = ( 1 1 7L2> : (Too;h;z'n - Too;c;z‘n)

qr1 = €11 * Qmazr  SoOlving qr;
qr2 = €12 * Gmaz  SOIVING qr2

qr1

Too;h;mid = Too;h;in - ( ) SOlVing Th;mz’d

My:pS * CPh;L1

qr2

Too;h;out — Too7h7m7,d - ( ) SOIVIIlg Th;out

Mh;pS * CPh;L2

qr2

Too;c;mid - Too;c;in + < ) SOIViIlg Tc;mid

mc;PS * CPe; L2

qr1 .
Too;c;out = Too;c;mz'd + (— SOlVlng Tc;out
Me;ps * CPe; 11

AT) = Toopiin — Tooshour  Solving Delta T,

AT, = To.c.omt — Tooieiin Solving Delta T,
qryurp = UA - AT,, qbased on LMTD

(Toonsout — Tooresin) — (Tooshsin — Toorciout)

In [ Locihiowt—Tooiciin
Too;h;in_Too;c;out

AT, =

134

(D.240)
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Pressure Drop

Hot Side

G? ) 4 - Lenira
APh;Ll = 5 p . (1 — 0y, + Kc;h) + fF;h;Ll ' D (D 251)
* Fhsin h ’

. (ph;in/ph;m;Ll) + 2- ((ph;in/ph;mid) - 1)
G? 4 Lo
APp.1o = (—h> . (fF;h;LQ . (%)) - (Phsmid/ Phem:r2) + 2

2 Phomia (D.252)
((pnmia/ hcout) — 1) = (1 = 0% = Ken) - (Pnsmia/ Phiout))
AP, = APgop11 -2+ APgpp + APyrn + APhpy + APppo + AP o
(D.253)
+APgon + hroohre - 2+ APy -8+ APgry, - 2
MoodyChart(Rep.r1; RR
frno = Y 4( M1 ) (D.254)
MoodyChart(Rey,.12; RR
framis = —— 4( ez RE) (D.255)
Ph;mid - Ph;in - APh;Ll (D256)
Ph.owt = Phimia — APp12 (D.257)
Kep = 0,42- (1 - 02)° (D.258)
Kep = (1 —03)° (D.259)
Cold Side
G? 4- Lchl-Ll))
APC' = Ll | T * \Peymi c;m; +2
’Ll (2 : pc;mid> (f fetd ( Dy, (bemia/ Pemiia) (D.260)

: ((pc;mid/pc;out) - ]-) - (]- - 0_3 - Ke;c) : (pc;mid/pc;out)

G? 4 Lepsia
APC- _ c (1 = 2 4 KC. + ( o . (#
2 (2 : Pc;m) (L= oct Ken) + | ez Dy, (D.261)
: (pC;in/pC;m;LZ) +2- ((PC;in/PC;mid) - 1)
AP.= APgycr1-24+ APgge+ APy + APepy + APers + AP oy

D.262

+APGC;C + h’f;90;c;L2 2+ APU;c -8+ APEL;C -2 ( )
MoodyChart(Re..r1; RR

Frem = Y 4( 1 fiR) (D.263)
MoodyChart(Re..r2; RR

friers = Y 4( 12 fIR) (D.264)

Pc;mid = Pc;z‘n - APC;LQ (D265)
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Pc;out - Pc;mid - APc;Ll (D266)
Koo =0,42- (1 02)? (D.267)
Kee=(1-0.)? (D.268)
Minor Losses
ft = 0,027  Friction factor nominal pipe size (D.269)
g1 =1 (D.270)
Voo = —2iP5 (D.271)
Phyin * A1;L1
Vagse = ——aPs (D.272)
pc;in : al;Ll
Mp;ps/Nrin
Vi = - ’ D.273
PR Dnin - (0,001 - 0,028) (D-273)
mC'PS/NT"C
Ve = . : D.274
pe = - (0,001 0,028) (D.274)
Vaen = Voo (D.275)
VGE;C = ‘/90;0 (D276)
Veon = Voo (D.277)
VGC;C = %O;C (D278)
Kyr=0,5 (D.280)
Kyo =1 (D.281)
Ky =0,04 (D.282)
Kpr, =60 f, (D.283)
1—3%)?
Kge = (}T) (D.284)
3% = ayp1/an (D.285)
ay.p1 = - 0,00485 (D.286)
anz1 = 0,011 - 0,02 (D.287)
0,5-(1—p3%)- in(6,/2
O Gl ;4 sin (6/2) (D.288)
6, =103 (D.289)
HOT
Vioin .
ht.90:m:01 = Koo - ’ Head Loss 90 hot inlet (D.290)

2'gcl
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APoyo.n:11 = Phiin - Pp90:n:01  Pressure Drop 90 hot inlet

2

h - K Vooin Head Loss 90 h ]
Fo0shiLz = oo+ | 57 9ol ead Loss ot outlet

APyo.n:12 = Phiout - Nvo;nsr2  Pressure Drop 90 hot outlet

VC%E;h
2. el

APGgh = phin - hp.genz1  Pressure Drop Gradual Enlargement

hy.cenn = Kek - < ) Head Loss Gradual Enlargement

h — K, Vacn Head Loss Gradual C i
f;GC;h; L2 — GC - 2  Gar ca 0SS radua ontraction

APcen = Phout - Ppcosnre  Pressure Drop Gradual Contraction
2

1%
hpmor = K - (2 p; ) - N,,;, Head Loss Manifold inlet
“Yel

APprrh = Phiin - hynp1 Pressure Drop Manifold inlet

V2
hnre = Kyo - ( il ) - N, Head Loss Manifold outlet

2- el
APron = Phiout - Ppnr2  Pressure Drop Manifold outlet
2

Vso:
hfun = Ky - (2 Qgh ) Head Loss Coupling
“Yel

APuy.,, = prmia - R Pressure Drop Coupling

h - K Voo Head Loss Elb
fiBLih = KEL - | 57 er cad Loss BEIbow

APgr.n = Phimid - hy.pr;n - Pressure Drop Elbow

COLD

Va2
hf.90.e:01 = Koo - (2 80;e ) Head Loss 90 cold inlet
* el

APyo.c.11 = Pesin - Pp90.c:01 Pressure Drop 90 cold inlet

2

V.
hf.90:e:02 = Koo - <2 930 ) Head Loss 90 hot outlet
" Yel

APoyo.c.r2 = Peout - Nfv0,e;2 Pressure Drop 90 hot outlet

V2.
hy.cee1 = Kag - ( 5 Gj’c) Head Loss Gradual Enlargement
“Yel

APgr.e = pein - hf.gee;z1 Pressure Drop Gradual Enlargement

2
VGC;C
2. el
APge.e = peout - Prcoien2  Pressure Drop Gradual Contraction

hf.coer2 = Kac - ( ) Head Loss Gradual Contraction

© Central University of Technology, Free State
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V2
hpern = K - (2 Pie > - N,.. Head Loss Manifold inlet
*Gel
APnrc = Phin - g Pressure Drop Manifold inlet
Vie

2- el
APro.e = Peout - Nfe;r2 Pressure Drop Manifold outlet

hfer2 = Kyo - ( > - N;.. Head Loss Manifold outlet

Voo .
hfue = Ky - 5 ’ Head Loss Coupling
* el

APy.c = pesmid - Npu;e  Pressure Drop Coupling
2

o ‘/90;0
hfgr.e = Kgr - 5 Head Loss Elbow
*Jel

APgr.c = Peymia * h,er,e  Pressure Drop Elbow
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(D.317)
(D.318)
(D.319)
(D.320)
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Heat Exchanger CFD p?_’g
SOLIDWORKS

Fluid Flow Simulation Project
Report

SOLIDWORKS Flow Simulation
Project Report

September 11, 2023

?t‘ DASSAULT |

p SUSTEMES The 3DEXPERIENCE Company
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Fluid Flow Simulation Report
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Fluid Flow Simulation Report

1 General Information

Objective of the simulation: To get a better understanding of the fluid flow within the heat exchanger.
Results used to validate theoretical model and characterize the heat exchanger.

1.1  Analysis Environment

Software Product: Flow Simulation 2021 SP3.0. Build: 5075

CPU Type: Intel(R) Core(TM) i5-10300H CPU @ 2.50GHz
CPU Speed: 2496 MHz

RAM: 16291 MB / 9731 MB

Operating System: Windows 10 (or higher) (Version 10.0.22621)
1.2 Model Information

Model Name: 1mm Design, Optimized for CFD.SLDPRT
Project Name: C=0.75 100% Flow

1.3  Project Comments:
Unit System: S| (m-kg-s)
Analysis Type: Internal

1.4 Size of Computational Domain

Size
X min -0.034m
X max 0.034 m
Y min -0.013m
Y max 0.013 m
Z min -0.060 m
Z max 0.060 m
X size 0.068 m
Y size 0.026 m
Z size 0.120m

2
DS SOLIDWORKS
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1.5  Simulation Parameters

143

1.5.1 Mesh Settings
1.5.1.1  Basic Mesh

Basic Mesh Dimensions

Number of cells in X 38
Number of cellsin Y 14
Number of cellsin Z 66

1.5.1.2  Analysis Mesh

Total Cell count: 1033556
Fluid Cells: 478519
Solid Cells: 555037
Partial Cells: 300920
Trimmed Cells: 0

1.5.1.3  Additional Physical Calculation Options

Heat Transfer Analysis:  Heat conduction in solids: On Heat conduction in solids only: Off

Flow Type: Laminar and turbulent
Time-Dependent Analysis: Off
Gravity; Off
Radiation: Off

Default Wall Roughness:  14.0 micrometer

1.5.2 Material Settings
Fluids: Water
Solids: Ti6Al4V

1.5.3 Initial Conditions

Initial Conditions

Thermodynamic parameters

Static Pressure; 101325.00 Pa
Temperature: 20.05 °C

Velocity parameters Velocity vector
Velocity in X direction: 0 m/s
Velocity in Y direction: 0 m/s
Velocity in Z direction: 0 m/s
Solid parameters Default material: Ti-6Al-4V

Initial solid temperature: 20.05 °C

Turbulence parame ters

Turbulence intensity and length
Intensity: 2.00 %
Length: 2.564¢-04 m

2
DS SOLIDWORKS
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1.54 Boundary Conditions

Boundary Conditions

Cold Inlet 17

Type Inlet Mass Flow

Faces LID4/ /Face
Coordinate system Face Coordinate System
Reference axis X

Flow parameters

Flow vectors direction: Normal to face
Mass flow rate: 0.0439 kg/s

Fully developed flow: No

Inlet profile: 0

Thermodynamic parameters

Temperature type: Temperature of initial
(:ompone.nts
Temperature: 20.00 i &

Turbulence parameters

Turbulence intensity and length
Intensity: 2.00 %
Length: 2.564¢-04 m

Boundary layer parameters

Boundary layer type: Turbulent

Cold Outlet
Type Environment Pressure
Faces LID3//Face
Coordinate system Face Coordinate System
Reference axis X

Thermodynamic parameters

Environment pressure: 101325.00 Pa
Temperature type: Temperature of initial
components

Temperature: 20.00 °C

Turbulence parameters

Turbulence intensity and lcngth
hlte.nsit}-': 2.00 %
Length: 2.564¢-04 m

Boundar}’ layer parameters

Boundary layer type: Turbulent

Hot Inlet 57
Type Inlet Mass Flow
Faces LID1//Face
Coordinate system Face Coordinate System
Reference axis X

Flow parametf:rs

Flow vectors direction: Normal to face
Mass flow rate: 0.0329 kg/s

Fully developed flow: No

Inlet profile: O

144
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Thermodynamic parameters

Temperature type: Temperature of initial
components
Temperature: 57.00 °C

Turbulence parameters

Turbulence intensity and lcngth
Intensity: 2.00 %
Length: 2.564e-04 m

Boundary layer parameters

Boundary layer type: Turbulent

Hot Outlet
Type Environment Pressure
Faces LID2//Face
Coordinate system Face Coordinate System
Reference axis X

Thermod}mamjc parameters

Environment pressure: 101325.00 Pa
Temperature type: Temperature of initial
components

Temperature: 57.00 °C

Turbulence parameters

Turbulence intensity and length
Intensit)-': 2.00 %
Lcngth: 2.564¢-04 m

Boundary layer parameters

Boundary layer type: Turbulent

1.5.5 Engineering Goals
Goals

Global Goals

GG Bulk Av Total Pressure 2

Type Global Goal
Goal type Total Pressure
Calculate Average value

Coordinate system

Global Coordinate System

Criteria 1.00 Pa
Use in convergence On
GG Bulk Av Temperature (Fluid) 4
Type Global Goal
Goal type Temperature (Fluid)
Calculate Average value

Coordinate system

Global Coordinate System

Criteria

-272.15°C

Use in conve I‘gCI'lCC

On

4
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GG Bulk Av Density (Fluid) 8

Type Global Goal
Goal type Density (Fluid)
Calculate Average value
Coordinate system Global Coordinate System
Criteria 1.00 kg/m’\?’
Use in convergence On
GG Mass Flow Rate 9
Type Global Goal
Goal type Mass Flow Rate
Coordinate system Global Coordinate System
Criteria 1.0000 kg /s
Use in convergence On
GG Average Velocity 10
Type Global Goal
Goal type Velocity
Calculate Average value

Coordinate system

Global Coordinate System

Criteria 1.000 m/s
Use in convergence On
GG Average Heat Transfer Coefficient 12
Type Global Goal
Goal type Heat Transfer Coefficient
Calculate Average value

Coordinate system

Global Coordinate System

Criteria

1.000 W/m”"2/K

Use in convergence

On

GG Avcragc Wall Tcmpcraturc 13

Type

Global Goal

Goal type

Wall Temperature

Calculate

Average value

Coordinate system

Global Coordinate System

Criteria

-272.15°C

Use in convergence

On

146
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GG Bulk Ay Temperature (Solid) 17

Type Global Goal
Goal type Temperature (Solid)
Calculate Average value

Coordinate system

Global Coordinate System

Criteria

-272.15°C

Use in convergence

On

Surface Goals
SG Cold Inlet 17 Total Pressure Av

Type

Surface Goal

Goal type Total Pressure
Calculate Average value
Faces Face<1>

Coordinate system

Global Coordinate System

Criteria

1.00 Pa

Use in convergence

On

SG Cold Inlet 17 Velocity Av

Typc

Surface Goal

Goal type Velocity

Calculate Average value

Faces Face<1>

Coordinate system Global Coordinate System
Criteria 1.000 m/s

Use in convergence On

SG Cold Outlet Mass Flow Rate

T}-‘pe

Surface Goal

Goal type Mass Flow Rate

Faces Face<1>

Coordinate system Global Coordinate System
Criteria 1.0000 kg /s

Use in convergence On

SG Cold Outlet Velocity Av

Type

Surface Goal

Goal type Velocity
Calculate Average value
Faces Face<1>

Coordinate system

Global Coordinate S}fstem

Criteria

1.000 m/s

6

147

2
PS SOLIDWORKS

© Central University of Technology, Free State



Central University of

APPENDIX E. CFD: FULL . . Techmology. Free State

Fluid Flow Simulation Report

‘ Use in convergence

‘On

SG Cold Outlet Temperature (Fluid) Bulk Average

Type Surface Goal

Goal type Temperature (Fluid)
Calculate Average value

Faces Face<1>

Coordinate system

Global Coordinate System

Criteria

-272.15°C

Use in convergence

On

SG Hot Inlet 57 Total Pressure Av

Type

Surface Goal

Goal type Total Pressure

Calculate Average value

Faces Face<1>

Coordinate system Global Coordinate System
Criteria 1.00 Pa

Use in convergence

Oll

SG Hot Inlet 57 Velocity Av

Type

Surface Goal

Goal type Velocity
Calculate Average value
Faces Face<1>

Coordinate system

Global Coordinate System

Criteria

1.000 m/s

Use in convergence

On

SG Hot Outlet Mass Flow Rate

Type

Surface Goal

Goal type Mass Flow Rate

Faces Face<l>

Coordinate system Global Coordinate System
Criteria 1.0000 kg /s

Use in convergence On

148
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SG Hot Outlet Vclocit}' Av

Type Surface Goal

Goal type Velocity

Calculate Average value

Faces Face<1>

Coordinate system Global Coordinate System
Criteria 1.000 m/s

Use in convergence On

SG Hot Outlet Temperature (Fluid) Bulk Average

Type Surface Goal

Goal type Temperature (Fluid)
Calculate Average value

Faces Face<1>

Coordinate system Global Coordinate System
Criteria -272.15°C

Use in convergence On

149
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1.6 Analysis Time

150

Calculation Time: 16472 s
Number of Iterations: 714

Warnings:
102800 E Bulk | 25
102700 =msmm (3G Bulk Av [Total Pressure 2 r_
102600 O 20
g 102500 5 J
o 102400 5 15
= ™
2 102300 5
a 1S
2 102200 3
£ w® 10
+ 102100 0
E 102000 E- == SG Cold Outlet Temperature...
101900 g 3
101800
101700 0
0 200 400 600 800 0 200 400 600 800
Iterations [ ] Iterations [ ]
36,9 102800
102700
— 36,8
L = 102600
i 36,7 i 102500
3 ‘o 102400
E 366 £
v 2 102300
2 36,5 9 102200 -
L) e GG BUlk Av... o == (55 Average|Total...
$ 564 3 102100
' L e e
£ 5 102000
- 36,3 +— 101500
62 101800
3. ' ‘ ' 101700
0 200 400 600 800 200 400 600 800
Kerations {] Iterations [ ]
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2 Results

151

21

Analysis Goals

Goals

Name

Value

Progress

Criteria

Delta

Use in
convergence

GG Bulk Av
Total
Pressure 2

Pa

102035.68

100

5.71049301

0.484964186

On

GG Bulk Av
Temperature
(Fluid) 4

i &

36.28

100

0.0168914038

0.00118866826

On

GG Average
Density
(Fluid) 7

kg/m’\3

991.92

100

0.0180642463

0.000513694741

On

GG Bulk Ay
Density
(Fluid) 8

kg/m"3

991.95

100

0.0175721731

0.0005092503

On

GG Average
VE]OCit)f 10

m/s

0.401

100

0.000660486823

0.000168798277

On

GG Bulk Av
Velocity 11

m/s

0.401

100

0.000658122616

0.000168281801

On

GG Average
Heat
Transfer
Coefficient
12

W/m"2/K

5418.853

100

16174.982

1191.5588

On

GG Average
Wall
Temperature
13

e

36.51

100

0.3360885

0.00135145568

On

GG Average
Temperature

(Solid) 16

°C

36.54

0.40275593

0.00322585786

On

GG Bulk Av
Temperature

(Solid) 17

%G

36.54

100

0.40275593

0.00322585787

On

SG Cold
Inlet 17
Total

Pressure Av

Pa

103090.27

100

15.3331086

0.407857384

On

SG Cold
Inlet 17
Velocity Av

m/s

0.428

4.27548924¢-09

3.88578059%-16

On

SG Cold
Outlet Mass
Flow Rate

kg/s

-0.0439

100

4.38665278e-05

4.74324347e-08

On

© Central University of Technology, Free State

2
DS SOLIDWORKS



APPENDIX E. CFD: FULL ...

Q)

Fluid Flow Simulation Report

Central University of

Technology, Free State

152

SG Cold
Outlet
Vt‘.]OCil')‘ Av

m/s

0.431

0.000197950925

(.000130522915

On

SG Cold
Outlet
Temperature
(Fluid) Bulk
A\'erage

°C

22,59

0.167247621

0.00243449022

On

SG Hot Inlet
57 Total

Pressure Av

Pa

102220.75

100

8.12602918

1.63093043

On

SG Hot Inlet
57 Velocity
Av

m/s

0.325

100

3.2520895e-09

2.77555756e-16

On

SG Hot
Outlet Mass
Flow Rate

kg/s

-0.0329

100

3.29000299-05

6.13278365e-08

On

SG Hot
Outlet
Ve]ocit)r Av

m/s

0.327

100

0.000150696257

0.000148698153

On

SG Hot
Outlet
Temperature
(Fluid) Bulk

Average

°C

49.55

100

0.223026605

(0.0041540413

On

© Central University of Technology, Free State
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2.2 Global Min-Max-Table

Min/Max Table

Name Minimum Maximum
Density (Fluid) [kg/m"3] 984.33 998.29
Density (Solid) [kg/m"3] 4428.78 4428.78
Pressure [Pa 100803.17 103316.59
Temperature [°C] 17.00 57.00
Temperature (Fluid) [°C] 17.00 57.00
Temperature (Solid) [°C] 17.00 57.00
Velocity [m/s] 0 1.200
Velocity (X) [m/s] -1.015 0.783
Velocity (Y) [m/s] -0.823 0.733
Velocity (Z) [m/s] 1121 1.152
Velocity RRF (X) [m/3] 1,015 0.783
Velocity RRF (Y) [m/s] 20.823 0.733
Velocity RRF (Z) [m/s] 1121 1.152
Relative Pressure [Pa] -521.83 1991.59
Shear Stress [Pa] 0 52.42
Bottleneck Number [ ] 2.475857%-23 1.0000000
Heat Flux [W/m"2] 3.378¢-06 231253.191
Heat Transfer Coefficient 0 2.306e+08
[W/m™2/K]

Overheat above Melting -9709.850 -9669.850
Temperature [°C]

ShortCut Number [ | 6.2571588e-26 1.0000000
Surface Heat Flux [W/m"2] -270680.743 202918.986
Surface Heat Flux (Conductive) 0 0
[W/m™2]

Surface Heat Flux (Convective) -270680.743 202918.986
[W/m"2]

Total Enthalpy Flux [W/m"2] -8.902e+08 5.225e+08
Acoustic Power [W/m”3] 2.379¢-63 9.743e-15
Acoustic Power Level [dB] 0 0

© Central University of Technology, Free State
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2.3 Results

Mesh Pressure

Temperature Flow Velocity

24 Conclusion

The results converged on iteration 714 successfully. The data will be analysed and compared to the theoretical
calculations results obtain from EES. Similar CFD’s was run for the other flow rates and heat exchangers,

2
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3 Appendix
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3.1 Material Data

Engineering Database

Liquids
Water
Path: Liquids Pre-Defined
Density
— L ~
"WM,Q o

EJ

£

'i‘i

iy

z

w

| =

L]

[=]

Temperature[°C]

N J
Dynamic viscosity

K

—a

2 \

=]

E \

m

| =4

>

a \

\%m, o
Temperature[°C]
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Specific heat (Cp)

r
o

(‘»p kcific heat (Cp)[J|/(kg*K)]

Temperature[°C]

T:hermal Conductivity

Thefmal chndu :tvtvlwfx
b 4
1

Temperature[°C]

A

Cavitation effect: Yes
Temperature: -273.15 i €
Saturation pressure: 0 Pa
Radiation properties: No

Solids

Ti-6A41-4V

Path: Solids User Defined\SOLIDW ORKS Material
Density: 4428.78 kg/m”3

Specific heat: 586.0 ]/ (kg*K)

Conductivity type: Isotropic

Thermal conductivity: 6.7000 W/ (m*K)

Electrical conductivity: Dielectric

Radiation properties: No

Melting temperature: No

15
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Test sheet: 75 C=0.25

Test No 1 Checklist
Date 17/10/2022 Ball Valves Open Yes | Yes
Tosin 3;:};35;? N Needle Valve Return Open Yes | Yes
. ga8a/q08/ e Needle Valve in-line Closed | Yes
833/885
Target Flow Hot 1.5 [/min Pipe and Fittings Checked Yes
Cold 5.9 I/min Connections Secure Yes
Hot 1517 | W Instruments Power On Yes
Target Heat
Transfer (EES) Cold 1517 |W Computer Connected Yes
Hot Loop PicolLog Start-up Yes
Tin 57.89 Celsius switch On Heated Reservoir | Yes
Tout 47.15 Celsius
Pi 1.22 Cold Inlet Yes
P 1.18 Hot Inlet Yes
Flow Rate 1.5 [/min Air Bleed Yes
Cold Loop Adjust to Target Flow Wieis
Tin 20.40 Celsius
Tout 23.08 Celsius Steady State Time Start 00:38
P 1.50 bar Steady State Time End 00:44
Paut 1.72 bar
Flow Rate 5.9 |/min Hot/Cold Feed Shut-off Yes
Capture Time Start | 00:44 Save Picolog Data Yes
Capture Time End | 00:50 min Shut-off Instruments Yes
Capture Count 100 Samples | Shut-off Picolog Yes

Figure F.1: Test sheet sample
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Test 1: C=0.25 75% Flow
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Figure G.1: PicoLog sample recording
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DESIGN CONSIDERATIONS FOR DEVELOPING AN ADDITIVE MANUFACTURED TI-6AL-4V
COMPACT COUNTER-FLOW HEAT EXCHANGER FOR APPLICATION IN ORGANIC RANKINE
CYCLES

S.C. Venter", G.G. Jacobs? and J. du Preez?

ABSTRACT

Additive manufacturing has the ability to produce parts not previously possible with conventional methods. While
this technology enables the production of highly complicated parts, there are still design considerations to
conform to. A literature study indicated that there is little information available on how to design compact heat
exchangers for additive manufacturing. This paper discusses the design considerations for producing compact
counter-flow heat exchangers by means of additive manufacturing for application in Organic Rankine Cycles.

' The author is enrolled for an M Eng (Mechanical) degree in the Department of Mechanical and Mechatronics
Engineering, Central University of Technology, Free State
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1. INTRODUCTION

With the current high demand for energy, engineers all over the world are aiming to increase the efficiency of
energy producing equipment [1]. Increasing the efficiency will reduce the production of greenhouse gasses,
lessening the effect of global warming. Various methods exist to accomplish this. The method of interest in this
study is the Organic Rankine Cycle (ORC). An ORC operates on a similar base as a conventional steam cycle for
energy conversion, this cycle however uses organic fluid instead of water. It is implemented to improve the
efficiency by utilising waste heat, captured by means of a heat exchanger (evaporator) and used to produce
additional power via a generator [2,3].

Large scale ORCs are already implemented in numerous power plants over the world [4]. Micro ORCs are more
compact systems that can be utilised by domestic users (1-10kW) [5]. Miniaturising such system would be possible
by using additive manufacturing (AM) processes.

The AM process involves material being joined layer upon layer to produce the desired part [6]. This technology
opens a world of opportunities to develop intricate parts as one solid, which was not previously possible with
traditional manufacturing methods [7,8]. One technology that could substantially benefit from additive
manufacturing is micro-channel heat exchangers. These devices achieve a very high surface area per unit volume
due to small channel sizes.

Traditional methods for producing micro-channel heat exchangers is time consuming and are limited to basic
designs [9]. With the ability to produce walls with thicknesses of less than 200 um these devices can evolve from
its former conventional manufactured designs to increase its effectiveness [10].

Implementing high effectiveness micro-channel heat exchangers in ORC allows a reduction in size of these cycles
to implement on systems producing low grade waste heat such as flue gas. The main focus of the study is the
development and characterisation of Ti-6Al-4V compact counter-flow heat exchangers for production with AM
with application in ORC’s.

Although additive manufacturing is a versatile technology, there still remain limitations to which a design should
adhere to. This paper outlines the design considerations that were considered during the design of a Ti-6Al-4V
compact heat exchanger.

2. LITERATURE REVIEW

2.1 Heat exchangers

Heat exchangers are devices used to transfer heat between two or more fluids, either to capture or reject excess
heat. This study focused on compact counter-flow heat exchangers. The above-mentioned heat exchangers have
a high effectiveness due to its ability to operate with close approach temperatures [11]. The ratio of the actual
heat transferred to the maximum possible heat transfer is known as the effectiveness of a heat exchanger. High
effectiveness is particularly beneficial in power-producing systems [12].

A simple heat exchanger design was considered for this study to minimise the effects of uncertainty and simplify
the characterisation process. The characterisation of these heat exchangers would allow better understanding
of the possibilities and limitations of additive manufactured compact heat exchangers.

2.2 Production methods

X-ray lithography (LIGA), chemical and silicon etching and diamond or wire machining are traditionally used to
produce compact heat exchangers. These methods either limit the design complexity or require more than one
process to produce a heat exchanger [9,10].

Additive manufacturing is a well suited method to create complex parts with great accuracy (+ 50 pm) [13]. A
well suited AM technology for creating metallic parts is selective laser sintering (5LS). Therefore, SLS is
considered to be a viable method to produce intricate parts such as compact heat exchangers in a variety of
metallic materials.

2.3 Material selection

Additive manufacturing possess the ability to produce parts in a variety of materials [6], with Titanium (Ti-6Al-
4V) being the material of interest in this study. Ti-6Al-4V is a well suited material for producing compact heat
exchangers, with its high specific strength (+ 930 MPa) the heat exchangers’ channel walls can be thinned down
significantly to reduce heat transfer resistance. Furthermore, Ti-6Al-4V has exceptional corrosion and good fluid
erosion resistance and with its low thermal expansion coefficient (+ 8.6 ym/m.°C, 0= 100°C ), warpage and
fatigue effects are minimised during thermal cycling [14].

193

© Central University of Technology, Free State



Central University of

APPENDIX H. RAPDASA 1. .. S Technology, Free State 165

3. METHODOLOGY AND DESIGN CONSIDERATIONS

Table 1: List of symbols.

Symbol Description

£ Heat exchanger effectiveness

q Heat transfer

m Mass flow rate

¢ Specific heat

T Temperature

P Pressure

G Mass velocity

P Fluid density

& Ratio of free-flow area to
frontal area

Keje Entrance/Exit loss coefficient

fe Fanning’s friction factor

L Length

Dy Hydraulic diameter

3.1 Theoretical Design

A mathematical model for the preliminary design was developed with the effectiveness-NTU method. This
method is generally preferred for analysis and design of heat exchangers [15].

The effectiveness of a heat exchanger is determined with equation 1:

Actual Heat Transfer (1)
Maximum Heat Transfer

Effectiveness = ¢ =

The actual heat transfer is calculated by either determining the energy lost from the hot fluid or the energy
gained by the cold fluid, using Equation 2. Maximum heat transfer may be calculated with the maximum
temperature difference within the heat exchanger, as shown in equation 3 [15].

q =y (T, — Ty, ) = Mec(To, = Te) (2)
Hmax = (mc)m!n(Th[ - T,_-J (3)

The core pressure drop across the heat exchanger is calculated by Equation 4. This equation includes entrance-
, core friction-, flow acceleration- and exit- losses [16].

Ap :g_;[{l i f%(;_;) +2(2-1)=a=o =) (2) “

With these equations a theoretical outcome can be predicted for a specific heat exchanger design. The aim of
this study is to produce and characterise heat exchangers with three different channel sizes, 0.5, 1 and 2 mm
which can transfer 3 kW of heat.

Mathematical models of the heat exchangers were created using Engineering Equation Solver (EES), using the
above-mentioned equations. These models were then used as a guide line for the CAD models shown in Figures

1 to 9. The CAD models of the heat exchangers were sent to the Centre of Rapid Prototyping and Manufacturing
(CRPM) at Central University of Technology, Free State for review.
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3.1.1 Design 1

Details:

Heat exchanger width: 18.65 mm
Heat exchanger height: 11.00 mm
Channel length: 30.00 mm
Channel size: 0.50 mm
Number of channels: 20

Number of rows: 1

Estimated heat transfer: 3012 W

20 3.012
Figure 1: 3-D CAD model of design 1.
kW
2 | | |
e |
Figure 2: Side view of design 1. Figure 3: Top cross-section view of design 1.
3.1.2 Design 2

Details:
Heat exchanger width: 28.65 mm
Heat exchanger height: 21.90 mm
Channel length: 40.00 mm
Channel size: 1.00 mm
Number of channels: 20
Number of rows: 15

Estimated heat transfer: 3071 W
Figure 4: 3-D CAD model of design 2.

L U

20 3.012

kW

01

Figure 5: Side view of design 2. Figure 6: Top cross-section view of design 2.
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3.1.3 Design 3

Details:

Heat exchanger width: 72.15 mm
Heat exchanger height: 72.15 mm
Channel length: 50.00 mm
Channel size: 2.00 mm
Number of channels: 30

Number of rows: 30

Estimated heat transfer: 3008 W

20 3.012
kW Figure 7: 3-D CAD model of design 3.
- —
L = = - =
=1 =[5
I v o ‘ ' - ‘
= = =
{2} A (=] [A] (8] ; =
Figure 8: Side view of design 2. Figure 9: Top cross-section view of design 2.

3.2 Design Considerations

Design reviews are of high importance as incompatible designs will not be manufactured as desired, some of
these are described below. Process engineers of the CRPM reviewed and suggested improvements to the designs
to make it compatible with SLS. The following section provides design considerations which should be considered
when designing similar heat exchangers for production with additive manufacturing.

3.2.1 Manufacturing orientation

Selecting the correct manufacturing orientation is an important consideration for any AM product. Therefore it
was the first consideration that was addressed by the CRPM. Manufacturing of heat exchangers with the channels
in a horizontal orientation, (the arrows indicate manufacturing direction shown in Figure 10), will cause the
channels to deform without adding supports. Figure 11 shows, indicated in red, how the channels will deform
when the heat exchanger is manufactured in the horizontal orientation. With over 200 channels per heat
exchanger, adding supports within the channels would unnecessarily complicate the cleaning process afterward
while increasing build time and cost. Consequently, the orientation was changed from horizontal to vertical (as
shown in Figure 12), which ensures the channels will be manufactured square as required (cf. Figure 13).
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Figure 11: Result of horizontal manufacturing.

Figure 10: Horizontal Orientation.

OoOooOonon
boooon
OoOooOonon
Ooooon

r__j JT_T Oooooon
| kel T 17T Tl | Figure 13: Result of vertical manufacturing.

Figure 12: Vertical Orientation.

3.2.2 Holes and circular sections

It is also preferred to manufacture circular sections like pipes, with their axis in a vertical direction. If it is not
possible, supports should be added to sections with diameters larger than 6 mm to ensure that the circular profile
manufactures correctly. Figure 14 shows a circular section manufactured without a support and it can be seen
(shown in red) how the top part of the section will sag during manufacturing, indicated in red. While supports
are automatically added by the software used by CRPM, one may incorporate optimized supports within the CAD
model to eliminate the need for removal. Software generated supports are removed after manufacturing, thus
less supports equals less labour and time. Figure 15 shows how the same profile would be manufactured with an
optimized support.

Figure 14: Circular section manufactured in a Figure 15: Circular section manufactured in a
horizontal position without support. horizontal position with support.
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Holes within a body orientated in a horizontal direction also requires supports for diameters larger than 8 mm,
however the CAD model can be adapted to create holes without supports. This can be achieved by changing the
shape from round to a teardrop as shown in Figure 16). During the manufacturing process the teardrop shape
acts as a self-supporting structure, allowing the hole to be manufactured without support.

|
i
i
|
i
|
|
|
i
"

Figure 16: Shape adapted to create hole without supports.

3.2.3 Sections at an angle

Sections such as transitioning sections, where a circular section becomes square, or sections forming an angle
with the horizontal should be carefully considered. If not supported, these sections could deform during the AM
process. With the heat exchanger design the supports within the transition sections would not be easily accessible
for removal. A solution is to keep the angle, created with the horizontal plane, larger than 35°. If the angle to
the horizontal plane is less than 35°, without supports, the material could curl up during manufacturing. Figure
17 shows how a section could deform during manufacturing (indicated in red), without support structures added
to an angle less than 35°. Figure 18 shows the revised section of the design with an angle greater than 35° [17].
This does however increase the entrance loss experienced within the heat exchanger and should be carefully
considered. Thus, supports could not be added to this section due to access restriction.

T e o L

T \H:r-x. a <35 A i a > 35°
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Figure 17: Transitioning section with a smaller Figure18: Transitioning section with a larger
than 35°, than 35°.

3.2.4 Threaded holes, drilling and tapping

The ability additive manufacturing possesses to create intricate parts as one is very appealing, although not
always preferred. For simplicity it is sometimes necessary to use fasteners to join the manufactured part to
existing parts.

The heat exchanger design consists of three parts, two end flanges and a body. These parts will be joined with
M4 screws. Threaded holes are thus required within the body of the heat exchanger. The initial idea was to
manufacture the heat exchanger body with threaded holes. Process engineers of the CRPM advised that holes
smaller than M10 has poor thread definition and should be added after the manufacturing process by drilling and
tapping the holes manually.

After a consultation with the CRPM machinist, he indicated that it is possible to drill and tap M4 threaded holes
into Ti-6Al-4V, but it is a difficult task. The hardness of the material may cause the taps to break when tapping

holes smaller than Mé. He suggested manufacturing the holes as clearance holes and using standard nuts and
bolts to fix the flanges to the heat exchangers’ body.
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3.2:5 Cleaning and examination

After manufacturing, the part needs to be cleaned. This entails the removal of excess powder, support structures
and rough edges that might have been created during the AM built process. After production, un-sintered powder
would be present within the heat exchangers’ core. This excess powder can then be removed with compressed
air. The difficulty of this process would increase greatly if the core of the heat exchanger is completely enclosed.
Therefore, the heat exchangers were designed with open ends which would allow visual inspection of the heat
exchanger internal structure. During assembly, these ends are closed with flanges, as mentioned in the previous
section and shown in Figure 19). This can also be used for service inspections and cleaning during the life cycle
of the heat exchangers.

The supports created during the AM process were removed using conventional methods such as wire cutting,
grinding, sawing, and drilling. The position of internal supports should be carefully considered as they need to
be accessible for removal after manufacturing. The heat exchanger design has minimal internal supports and is
designed to form part of the heat exchanger as they are not accessible for removal.

Figure 19: 3-D model with flanges.

The channel walls are extremely thin (0.35 mm) and it would be difficult to visually inspect their integrity
throughout the channels. Thus, the heat exchangers will be sent to Stellenbosch University for internal
examination of the channels’ wall integrity by means of a computerized axial tomography (CAT) scan. Channel
wall porosity present within the walls which would cause fluid mixture between the primary and secondary fluid
streams, which is highly undesirable.

3.2.6 Minimum thickness and surface roughness

The achievable limitations should be kept in mind when designing any part for additive manufacturing. One of
the main limitations is the minimum wall thickness that can be achieved using the DMLS AM process. The minimum
wall thickness recommended for Ti-6Al-4V is 0.35 mm, as thinner thicknesses are too fragile according to the
CRPM process engineers. Using a minimum thickness for the heat exchanger channel walls reduces the heat
transfer resistance which improves the heat transfer.

The surface roughness of additive manufactured parts varies along its axis’s and should thus be considered when
designing a part. A study done at the CRPM revealed that the top surface, regarding the build direction, of a part
is considerably smoother than the side surfaces, with the average surface roughness of Ra = 5.9 ym and Ra =
14,5 ym respectively [18]. According to Kandlikar SG [19], a pipe with a higher surface roughness yields greater
heat transfer. The velocity boundary layer is broken, increasing the heat transfer within the channel [20]. Thus,
manufacturing the heat exchangers with the channel walls to have a greater surface roughness would improve
the heat transfer. This consideration refers back to the manufacturing orientation.

4. CONCLUSION

Using design considerations provided by CRPM and other sources, heat exchangers will be produced for testing
and characterisation. This research will produce design considerations, design lessons and thermo-hydraulic
characteristics for additive manufactured compact counter-flow heat exchangers, produced from TI-6AL-4V, for
application in Organic Rankine Cycles. Although these considerations were guided by the heat exchanger design,
they are still applicable to other additive manufacturing designs.
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Abstract

Micro Organic Rankine Cycles possess the ability to increase the efficiency of various systems
by utilising their waste heat. The waste heat is captured by means of a heat exchanger and
converted into useful energy to aid the existing system. Traditional manufacturing methods
for heat exchangers limit their size or design. Additive manufacturing bridges the gap with its
ability to produce intricate designs with great accuracy. The paper discusses the development
and characterisation of an additive manufactured compact counter-flow heat exchanger for
application in Organic Rankine Cycles.

! The author is enrolled for an M Eng (Mechanical) degree in the Department of Mechanical and
Mechatronics Engineering, Central University of Technology, Free State
*Corresponding author
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1. INTRODUCTION

The high energy demand of the modern world is pushing engineers to improve the efficiency of
current energy producing equipment [1]. An increase in efficiency will alleviate the effect of
global warming by lessening the production of greenhouse gasses. Yarious technologies exist to
accomplish this and the technology of interest in this study is the Organic Rankine Cycle
(ORC). An ORC operates on the same principles as a conventional steam Rankine cycle with
the difference being it utilises organic fluids instead of water. These systems are implemented
to capture the waste heat from existing systems, in return improving efficiency. The waste
heat is captured by means of a heat exchanger (evaporator) and used to produce additional
power via a generator [2,3].

Reducing the size of conventional ORCs would allow domestic users to benefit from this
technology [4]. However, reducing the size decreases the manufacturability of the various
components. Traditional methods used to produce these components are either limiting their
size or design [5]. Additive manufacturing (AM) is considered to be a viable method for
manufacturing these components [6,7]. The AM process involves material being joined layer
upon layer to produce the desired part [8]. This technology opens a world of opportunities to
develop intricate parts as one solid body.

One technology that could substantially benefit from AM is micro-channel heat exchangers.
Traditional methods for producing microchannel heat exchangers are time-consuming and are
limited to basic designs [5]. With the ability to produce walls with thicknesses of less than 200
um these devices can evolve from its former conventional manufactured designs to increase its
effectiveness [9]. Implementing high effectiveness small-channel and micro-channel heat
exchangers in ORCs allows a reduction in the size of these cycles to implement on systems
producing low-grade waste heat, such as flue gas.

The purpose of this study is to develop, characterise and refine the design and AM
methodologies for additively manufactured Ti6Al4V compact counter-flow heat exchangers for
application in ORCs. A mathematical model was developed to aid in the preliminary heat
exchanger design. The preliminary design was adapted for AM with design considerations
provided by the Centre for Rapid Prototyping and Manufacturing (CRPM) at the Central
University of Technology (CUT). Validation of the mathematical model against experimental
results will be undertaken in future.

This paper discusses the process followed to design compact counter-flow heat exchangers for
AM. It includes design lessons leamt for additive manufactured Ti6Al4V heat exchangers.
Results from the one-dimensional mathematical model are also discussed and an outline of the
planned experimental setup is given.

2. LITERATURE REVIEW

2.1 Heat exchangers

Heat exchangers are devices used to transfer heat between two or more fluids, either to
capture or reject excess heat. This study focused on compact counter-flow heat exchangers.
The above-mentioned heat exchangers have high effectiveness due to its ability to operate
with close approach temperatures [10]. The ratio of the actual heat transferred to the
maximum possible heat transfer is known as the effectiveness of a heat exchanger. High
effectiveness is particularly beneficial in power-producing systems [11].

A simple heat exchanger design was considered for this study to minimise the effects of
uncertainty and simplify the characterisation process. The characterisation of these heat
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exchangers would allow a better understanding of the possibilities and limitations of additive
manufactured Ti6Al4Y compact heat exchangers.

2.2 Production methods

Conventional production methods like X-ray lithography (LIGA), chemical and silicon etching
and diamond or wire machining are used to produce contemporary compact heat exchangers.
These methods either limit the design complexity or require more than one process to produce
a heat exchanger [5,9].

Additive manufacturing, particularly selective laser melting (SLM), is a well-suited technology
for the creation of complex parts with good accuracy (+50um) [12]. Components
manufactured from Ti-6Al-4V through SLM also achieve ultimate tensile stresses close to that
obtained through conventional processes making SLM a viable method to produce intricate
parts such as compact heat exchangers in a variety of metallic materials [13, 14].

2.3 Material selection

Additive manufacturing possesses the ability to produce parts in a variety of materials [8],
with the titanium alloy Ti-6Al-4V being the material of interest in this study. Ti-6Al-4V is a
well-suited material for producing compact heat exchangers, with its high specific strength
the heat exchangers' channel walls can be thinned down significantly to reduce heat transfer
resistance. Furthermore, Ti-6Al-4V has exceptional corrosion and goed fluid erosion resistance
and with its low thermal expansion coefficient, warpage and fatigue effects are minimised
during thermal cycling [15].

3. METHODOLOGY AND DESIGN CONSIDERATIONS

Table 1: List of symbols
Description
Heat Exchanger Effectiveness
Heat transfer rate
Mass flow rate
Specific heat capacity
Temperature
Pressure
Mass velocity
Fluid density
Ratio of free-flow area to
frontal area
Entrance/exit loss coefficient
Fanning’s friction factor
Length
Hydraulic diameter

<
3
=
=1

X 9 ToTNe3aen

n
=

b= h
G

Subscripts

i Inlet
e Exit
m Mean

3.1 Theoretical design

For the preliminary design of the heat exchanger, the effectiveness-NTU method was used;
the method is generally preferred for analysis and design of heat exchangers [16,17,18].
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The effectiveness of a heat exchanger is determined with equation 1:

. Actual Heat Transfer
Effectiveness = g = - 1
Maximum Heat Transfer

The actual heat transfer is calculated by either determining the energy lost from the hot fluid
or the energy gained by the cold fluid, equation 2. Maximum heat transfer may be calculated
with the maximum temperature difference within the heat exchanger using equation 3:

a = ityey (T =T )= e (T =1 9
Hmax = (“:” -}mm (-'r-‘n =¥ ‘Iu ) 3

The core pressure drop across the heat exchanger is calculated with equation 4; which
incorporates entrance-, core friction-, flow acceleration-, and exit- losses:

gfereb B st

2,0, '”.l'l P

A one-dimensional mathematical model was created implementing the above-mentioned
equations in Engineering Equation Solver (EES). With the mathematical model, the theoretical
performance can be predicted for a specific heat exchanger design. For this study three
compact counter-flow heat exchangers were produced, each with different channels sizes
namely 0.5, 1 and 2Zmm, transferring 3kW heat theoretically, when water is used as the fluid
being heated. Initial testing and characterisation will be done with water, due to its ease of
use. Later testing and characterisation will be conducted with an organic fluid.

3.2 Computer-aided design models

The results from EES gave a good indication of how many channels and what length of
channels are required to attain a theoretical 3kW of heat transfer for each of the selected
channel sizes. The inlet conditions for all the heat exchangers remained the same with the
only difference being the channel's size, number of channels and the length. The design
results are listed below.

3.2:1 Design 1

Heat exchanger width 72 mm

Heat exchanger height 27 mm

Channel length 30 mm

Channel size 0.5x0.5 mm

Wall thickness 0.35 mm

Number of channels per row 20

Number of rows 11

Estimated heat transfer with 3012 W

steam and water Figure 1: Design 1: 3-D Clipped Section
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3.2.2 Design 2

Heat exchanger width 80 mm
Heat exchanger height 38 mm
Channel Length 40 mm
Channel size 1x1 mm
Wall thickness 0.35 mm
Number of channels per row 16

Number of rows 12

Estimated heat transfer with 3071 W
steam and water

Figure 2: Design Z: 3-D Clipped Section

3.2.3 Design 3

Heat exchanger width 100 mm
Heat exchanger height 109 mm
Channel Length 50 mm
Channel size 2x2 mm
Wall thickness 0.35 mm
Mumber of channels per row 26

Number of rows 26

Estimated heat transfer with 3008 w
steam and water

Figure 3: Design 3: 3-D Clipped Section

Figure 4: Size comparison of the three heat exchanger designs, front view

As the channel size is increased the total heat transfer diminish, requiring more and longer
channels to achieve the 3kW of heat transfer (cf. Figure 4).
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3.3 Design Considerations
Numerous design and manufacturing considerations informed the eventual design and
configuration of the heat exchangers discussed in this paper. The design considerations
resulted from literature and consultation with expert process engineers at CRPM. Optimising
designs for any AM technology reduces time and/or cost by eliminating the need for
unnecessary supports and cutting down on post-processing. A detailed article discussing the
design considerations was written by Venter, Jacobs and Du Preez [19]. A List of design
improvements suggested by the CRPM engineers are listed below:
=  Manufacturing orientation:
Selecting the comect manufacturing orientation can eliminate the need for
unnecessary supports.
= Holes and circular sections:
Holes and circular sections are preferably manufactured with its axis in the vertical
direction, otherwise supports or scaffolding are required.
®  Sections at an angle:
Any sections that form an included angle with the horizontal of less than 35° should
be supported.
= Threaded holes, drilling and tapping:
Carefully consider manufacturing parts with threads smaller than M10 as the thread
definition is poor. Tapping or drilling holes smaller than Mé is not advised as the
hardness of TibAl4V poses a problem.
= (Cleaning and examination:
The design must facilitate post-processing such as removal of supports and removal of
excess powder.
= Minimum thickness and surface roughness:
Achievable limitations should be considered for the designs, keeping in mind the
minimum wall thickness and surface roughness of ‘as manufactured' parts. The
minimum wall thickness for SLM of Ti-6Al-4V is in the order of 0.35 mm.
3.31 Unsuccessful prints
Although every precaution was taken to ensure that the heat exchangers will be manufactured
correctly, there are always unforeseen difficulties with new technology. The first two
manufacturing attempts failed. Further investigation revealed build-up of material on the top
layer of the part causing the recoating arm, of the SLM machine, to collide with the part and
stopping the printing process. Build-up problems were experienced during the first two
manufacturing attempts.
ISBN 978-0-6398390-0-4 267

© Central University of Technology, Free State



Q)

Central University of

APPENDIX H. RAPDASA 1. .. S Technology, Free State 179

Design 1

Figure 5: Design 1, 1% build attempt, side and top view
Design 2 -First attempt

Figure 6: Design 2, 1% build attempt, side and top view

Design 2 - Second attempt

Figure 7: Design 2, 2" build attempt, side and side 2 view

Design 3
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Figure 8: Design 3, 1* build attempt, side and top view

Inspecting the unsuccessful prints shows that material builds-up on one side during the
manufacturing process. Looking at figure 5, it can be seen that there is approximately 0.3mm
of material build-up on the left side. Figure 6, the first manufacturing attempt for design 2,
shows material build-up of approximately 0.7mm on the left. Figure 7, the second
manufacturing attempt of design 2, shows material build-up of approximately 1.3mm. The
first manufacturing attempt of design 3 (¢f. figure 8) shows a material build-up of 1mm
approximately.

Although the printing of design 1 completed during the second manufacturing attempt, the
channel walls were found to be porous. It was sent to the centre for analytics facilities (CAF)
at Stellenbosch for an internal examination by means of a computerised tomography (CT)
scan.

Designs 1 and 2 were considered for a second manufacturing attempt. The angle at which the
recoating arm recoats the parts was changed. This enabled design 1 to print entirely with
minimal material build-up, design 2 however failed once again (cf. Figure 12 & 13) building
only 10mm higher before failing

3: 3.2 Micro-CT scans

Three models were scanned, two of design 1 and one of design 2. With the scans the internals
of the heat exchangers can be inspected. Discussed in this section are areas identified with
faults within the heat exchangers.

3.3.2.1 Scan1

The general build direction is indicated with yellow arrows and the coater direction with blue
arrows in figures 9 to 17.

B4 b

Figure 9: Scan 1, bottom manifold. Top and side view.

Rl
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Figure 11: Scan 1, blocked channel. Top, front and side view.

3.3.2.2 5Scan 2

Figure 12: Scan 2, bottom manifold. Top and side view.

LA 4
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Figure 13: Scan 2, top manifold. Top and side view.

aEseEmEEEREES
sTaEEsseRES

Figure 15: Scan 2, Abnormality. Top and side view.

Figure 16: Scan 2, manufacturing line (indicated with red arrows). Front view.
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3.3.2.3 Scan 3

Figure 17: Scan 3, bottom manifold. Top and side view.

Figure 18: Scan 3, broken channels. Top and front view.

Figure 19: Scan 3, abnormality 1. Top, side and front view.
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Figure 20: Scan 3, abnormality 2. Top, side and front view.

Scan 1 shows minor imperfections throughout the heat exchanger. Manifold deformation can
be seen in figures 9 and 10. High stress within the manifold walls is likely the cause of this
deformation. Heat build-up during manufacturing can cause the thin walls to buckle without
support, thus the bottom of the heat exchanger is more deformed than the top. Figure 11
depicts a blocked channel within the heat exchanger, likely to be powder stuck within the
channel.

Scan 2 shows the same minor imperfections within the heat exchanger as scan 1. Also present
are two other more serious imperfections (cf. Figures 15 and 16). Figure 15 shows an
abnormality within the heat exchanger that passes through the channel wall. This is likely
some material build up (splatter) during the manufacturing process. 5can 1 and 2 was
performed on the heat exchangers from the second manufacturing attempt. Figure 16 shows a
feint line throughout the heat exchanger where the manufacturing process stopped and
continued.

Design 2 was manufactured on the 3 attempt and was also sent for CAT scans. Figures 17-20
shows the results for scan 3. Figure 17 shows the same manifold deformation as in the previous
scans despite that design 2 has manifold channel supports. It is however warse in this case as
the stress caused the channels to break. Broken channel walls can be seen in figure 18, the
thicker outer wall causes a higher heat build-up inducing more stress within the channels
attaching to it. Two abnormalities were found within the heat exchanger that passes through
walls, likely causing fluid mixture within the heat exchanger (cf. Figures 19 and 20).

4. SUMMARY & CONCLUSION

There are various obstacles identified that prevented a successful heat exchanger build.
However, to ensure a successful build in the future, an achievable minimum wall thickness
should be selected to prevent fluid mixture and ensure pressure integrity. Additionally, the
channel wall breakage and warping visible in the scans was due to a combination of the thin
channel walls, heat build-up and stresses during the manufacturing process. Furthermore,
channel blockage occurred only on design 1 which is a result of the small channel size. Further
investigation is necessary to determine if channel blockage is due to powder stuck within the
channel or if the channel was blocked during the melting process.

Moreover, it was evident that the placement of supports had a paramount effect on channel
warping and breakage. Careful consideration should be given to ensure practicality of
supports, minimising the obstruction of fluid flow and the increase of pressure drops.
Conseguently, optimum placement of supports will alleviate the effects of channel warping

184
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and breakage. In conclusion, optimal parameters should still be investigated to alleviate the
above-mentioned obstacles identified when manufacturing micro-channel heat exchangers for
application in ORC’s.

Further investigation is required to resolve the material build-up during the manufacturing
process. Changing the angle at which the recoating arm passes had a positive effect during the
manufacturing process. The second design manufactured completely by increasing the angle.
The porosity and broken walls found within the heat exchangers could possibly be eliminated
by increasing the channel wall thickness. Another solution would be to alter the laser scan
parameters to obtain a better build quality and eliminate wall porosity within the heat
exchangers. Further research should be done in this regards.

Additional future research should be done to optimise the heat exchanger channels, looking
for the best size, shape and length to achieve the highest possible heat transfer with minimum
pressure drop.

The characterisation of these heat exchangers forms the basis for further investigation in AM
heat exchanger design for application in micro ORC's at CUT.
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