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Abstract 

While post-compression intercooling is a commonly utilised method to increase or optimise 

the performance of traditional turbocharged internal combustion engine layouts, there 

exists a potential in installing similar modifications in aeronautical turboshaft engines. The 

rise of additive manufacturing (AM) techniques now offers the potential for lighter and more 

compact heat exchangers to be designed and manufactured. To this end, a theoretical 

intercooler system was designed to cool the charge air supplied by the compressor stages 

of a turboshaft engine to increase the performance of the engine. With cooler air supplied 

by the compressor stage theoretically having the capacity to reduce the amount of work 

required by the compressor stages as well as benefiting the containment effects inside the 

combustor unit. 

A benchmark engine was selected and characterised by a simple Brayton gas cycle, which 

indicated that there was an overall temperature increase of 234.710 °C across the 

compression process due to the heat of compression. Using the Kays and London method 

for a full-sized multi-pass heat exchanger, a heat exchanger was successfully designed, 

which would fulfil all the requirements to evaluate the feasibility of the concept. A test piece 

was then extracted from the design and successfully manufactured at half scale using 

Ti-6Al-4V titanium alloy. The theoretical intercooler unit consisting of two full-size multi-

flow heat exchangers was able to cool air supplied at a mass flow rate of 1.638 kg/s by an 

estimated 28.542 °C. Dynamic similarity constraints obtained via dimensional analysis 

techniques were then successfully applied to determine the experimental testing 

conditions required to verify the full-scale design. An experimental test bench was 

designed and fabricated to simulate the required testing conditions to attain dynamic 

similarity. A series of six tests, consisting of eight readings each, were performed over a 

time span of two weeks, where exact measurements were taken of the heat transfer across 

the test piece heat exchanger. The results recorded from the experimental testing phase 

of the project indicated that the process whereby a portion was extracted from a heat 

exchanger and verified using dynamic similarity was not only viable but yielded much 

better results than expected. The experimental results showed a substantial 

correspondence to the theoretically expected calculations. The outcome of this research 

aims to clarify the suitability of a heat exchanger manufactured using AM techniques for 

use in aeronautical turboshaft engines. 
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1. CHAPTER 1 

Introduction 

This chapter aims to provide the background and supporting information to communicate the 

purpose of the study. 

There has been a notable trend in the aeronautical industry to implement more 

efficient forms of propulsion with the objective of reducing pollution, the emission 

of greenhouse gases, and the reliance on traditional fossil fuels [1], with promising 

sources aiming to use renewable fuel sources such as biofuel or biogas to 

generate power [2]. However, these technologies are still in their infancy and are 

not yet applied on a commercial scale. Most aircraft gas turbines continue to rely 

on conventional fossil fuels, which are expected to remain a critical part of the 

aeronautical industry until these new technologies have been further developed. 

Therefore, research into improving the performance of existing engines is of great 

importance, with a potential method to reach this goal concerning the development 

and application of post-compression intercooling systems in aeronautical 

turboshaft engines. This approach aims to reduce the temperature of charge air 

supplied via the compressor stages of a turboshaft engine, which has the benefit 

of improving the density of the air before it is supplied to the combustion chamber 

[3]. A reduction in the temperature of charge air is theorized to lead to an increase 

in the density of the charge air, as is the case in traditional automobile engines 

fitted with intercooler turbochargers [4]. Despite conventionally manufactured heat 

exchangers already having an  substantial presence in the fields of aeronautics, 

the rapid advancement of additive manufacturing (AM) techniques, such as laser 

bed powder fusion (LPBF), now presents the opportunity to create metallic 

components with complex geometries, which leads to the potential of processing 

materials such as Ti-6Al-4V (Ti64) using LPBF to create effective yet lightweight 

heat exchangers [5]. The introduction of these new AM techniques into 

conventional heat exchanger design processes may lead to beneficial 

developments. 
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1.1 Problem statement 

Elevated temperatures in turboshaft engines caused by the rapid compression of 

atmospheric air during the compression stage of the engine cycle result in hotter 

air being used for cooling and dilution within the combustor lining of the engine. 

This increase in temperature negatively affects the power output of the engine 

while remaining within the stringent temperature limitations of the engine. A 

reduction in the temperature of charge air before being supplied to the combustor 

unit may result in improved performance in pre-existing engines. 

1.2 Aim of the study 

The aim of the study is to design a theoretical system that will use a Ti64 heat 

exchanger produced using LPBF to remove excess heat from air supplied by the 

compressor stage of a benchmark turboshaft engine.  

1.3 Objectives 

The research objectives of this study are as follows: 

1. Characterisation of a benchmark turboshaft engine using a Brayton gas 

cycle.  

2. Design and implementation of a heat exchanger capable of functioning as 

an intercooler system for the benchmark turboshaft engine. 

3. Design and fabrication of a scaled test-piece heat exchanger manufactured 

using Ti64. 

4. Experimental verification of the test piece using dimensional analysis (DA) 

and dynamic similarity (DS) techniques. 

5. Analysis of potential benefits and drawbacks to installing the designed 

intercooler in turboshaft cycles. 

6. Hypothesis for an optimised modification using the data obtained that could 

be applied to turboshaft engines.  
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1.4 Concept 

The overarching concept for this project is that the installation of an intercooling 

system of similar design to those commonly implemented in traditional automobile 

engines in turboshaft engines could lead to increased performance. A fundamental 

mechanism in the operation of turboshaft engines is the principle of cooling and 

dilution within the combustor unit by charge air supplied via a compressor stage 

[6]. Due to the lightweight nature of turboshaft engines, turboshaft combustor units 

contain and manage the exceptionally hot exhaust gases created during the 

combustion process by using a large portion of the air supplied by the compressor 

stage to contain, cool, and dilute the working gas before it is supplied to the power 

turbine stages [6]. To accomplish this, turboshaft engines commonly operate at 

very high pressure ratios, with one or more compressor stages providing the 

necessary airflow to supply the combustor unit [6]. However this rapid compression 

of atmospheric air by the compressor stages is also accompanied by a direct 

increase in the temperature of the charge air. This rise in temperature is primarily 

caused by the compression work performed on the gas increases the internal 

energy of the charge air [7], which leads to an increase in temperature. And since 

it is known that temperature plays an important role in the density of a gas, a 

reduction in the temperature of the air supplied by the compressor stages could 

potentially benefit the cooling effects within the combustor unit as well as 

increasing the amount of oxygen present during the combustion process. 

Additionally this could theoretically reduce the amount of work required by the 

compressor stages alongside a reduction in the running temperature of the 

turboshaft engine, which would yield an increase in power output. 

The challenge of implementing this concept lies in the complexity of modifying 

existing turboshaft engines without compromising their performance 

characteristics. For instance, the installation of an intercooler into a Brayton gas 

cycle will result in a reduction in the thermal efficiency of the engine and an 

increase in the specific fuel consumption [3]. Thus, it is essential for this study to 

remain unbiased and examine all potential benefits and limitations with the aim of 

encouraging or discouraging future research on the topic. 
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1.5 Approach 

Because turboshaft engines are complex machines with precise performance 

characteristics that are closely guarded by OEMs, a generalised approach will be 

followed. A simple Brayton gas cycle will be utilised to obtain the performance 

characteristics of a benchmark engine based on a typical reverse flow annular 

layout commonly applied in commercial helicopters to develop a heat exchanger 

that functions as the desired intercooler system. The theoretical design of the 

intercooler system will be validated by using a test piece produced using LPBF. 

The experimental test piece will then be experimentally evaluated using DA and 

DS techniques to draw conclusions on the effectiveness of the full-scale design. 

The experimental results will be used to draw conclusions on the effects that the 

intercooler will have on the performance characteristics of the benchmark engine.  

1.6 Delimitations 

 This study will primarily focus on the manufacture of a Ti64 test piece 

segment designed using traditional design methods, namely the Keys and 

London method. 

 Neither finite element analysis nor computational fluid dynamics analysis 

was considered during this study, with the verification of heat exchangers 

relying on experimental testing via the test piece segment and DA 

techniques. 

 The completed and functional prototype of the intercooler system was not 

built or applied to a turboshaft engine in a real-world setting. 

1.7 Chapter summary 

This chapter introduced the problem statement and aim of the study, which is to 

investigate the feasibility of using AM techniques such as LPBF to manufacture 

heat exchangers for use in turboshaft engine intercooling. 
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2. CHAPTER 2 

Literature review 

This chapter aims to identify the crucial aspects required to address the objectives of the study by 

investigating existing literature. 

2.1 Turboshaft engines 

Overview 

Turbomachines can be defined as a family of devices that utilise the transfer of 

energy of a working fluid via the dynamic action of one or more moving blade rows 

[8]. This process is performed by exploiting the stagnant enthalpy, commonly 

accompanied by pressure, of a working fluid to perform positive or negative work 

depending on the application [8], [9], [10]. Common turbomachines include but are 

not limited to pumps, fans, compressors, and turbines [8], [9].  Various layouts of 

turbomachines have been developed to best exploit traits of a specific working fluid 

with the goal of maximising the efficiency of the application [10]. These 

turbomachine subtypes are commonly categorised according to the relative flow of 

the working fluid as having axial flow, radial inflow, or radial outflow characteristics 

[8].  

A turboshaft engine, by definition, is a turbomachine subtype that employs a 

compressor stage, a combustion chamber, and a turbine stage in series to produce 

rotational kinetic energy using a combustible air-fuel mixture as the working fluid 

[11], [12], [13]. Turboshaft engines utilise the same principles as turbofan and 

turbojet engines but differ in that instead of producing thrust, turboshaft engines 

convert the energy produced by the combustion process into rotational kinetic 

energy via the use of a power turbine stage [6]. In a standard turboshaft layout, the 

rotational energy supplied by the turbine is then transferred to a geared 

transmission, which provides the required torque to the machine [11], [12], [14]. 

Common turboshaft applications include but are not limited to helicopters, electrical 

generators, compressors, pumps, tanks, hovercrafts, and hydrofoils [11]. A 

diagram of a traditional twin-spool turboshaft engine layout is shown in Figure 1, 
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which illustrates the process by which air is taken in from the atmosphere and 

passes through the various stages of the engine. 

 

Figure 1: Twin-spool free power turbine turboshaft layout [11] 

Combustor unit 

The combustion chamber, typically referred to as a combustor unit, is used to mix 

and ignite the air-fuel mixture in a turboshaft engine, as well as regulate the 

emissions of the engine [15], [16]. Combustors used in turboshaft engines are 

designed to be lightweight and cannot directly sustain the heat created by the 

combustion process for an extended period of time [6]. This issue is circumvented 

by using the air supplied via the compressor stage, not only as the medium to ignite 

the fuel but also to manipulate and control the exhaust gases to protect the 

combustor lining of the engine [6]. In this process, pressurised air is injected via a 

series of holes in the combustor lining to generate a protective film of air to prevent 

the combustion flame from making direct contact with the internal walls of the 

combustor unit [6]. A common combustor type utilised in turboshaft engines is the 

can-annular layout, shown in Figure 2, which uses a cylinder with holes to direct 

and control the flow of air. 
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Figure 2: Reverse flow can-annular combustor [6] 

This cylinder, often referred to as the combustor lining, serves to divide the air 

supplied by the compressor stage into different channels which perform individual 

operations within the combustor [6], [15], [17], [18]. Figure 3 illustrates this process 

wherein the charge air supplied by the compressor is split into ignition, cooling, 

and dilution air supplies.  The combination of these operations results in a 

contained combustion process that allows the turboshaft engine to operate 

continuously without the exhaust gases directly contacting the walls of the 

combustor lining [6]. 

 

Figure 3: Internal cross section of can-annular combustor unit lining [6] 
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Spool layout 

Unlike turbojet engines, which produce thrust, turboshaft engines use turbine 

stages to convert the energy produced by the combustor unit into rotational kinetic 

energy [6]. This is achieved by using multiple high and low pressure turbine stages, 

which are assembled in series to maximise the power output from the system. An 

important aspect that influences the operation of the turbine stages is the spool 

layout of the turboshaft engine, with the spool layout referring to the number of 

shaft connections inside the engine. The most common turboshaft engine layouts 

utilise single-spool and twin-spool configurations [6], [19].  

In a single-spool layout, the compressor and turbine stages are all connected by a 

single concentric shaft which leads directly to the geared transmission [11], [19]. 

In this layout, the overall power output from the engine directly influences the 

behaviour of the compressor and the turbine stages, greatly limiting the flexibility 

of the system [6]. In a twin-spool layout, the compressor stages are connected to 

a dedicated turbine stage known as a high power turbine (HPT), which delivers the 

necessary energy needed to drive the compressor. A second dedicated turbine 

stage known as the free power turbine (FPT) connects to a geared transmission, 

which results in an output of rotational power from the engine [20].  

2.2 Brayton gas cycle 

The Brayton gas cycle is an idealised model of the behaviour and properties of a 

certain mass of a working fluid, commonly a gas, as it flows through an open-cycle 

turboshaft engine [21]. Figure 4 describes the operating procedure of the Brayton 

cycle, where: 

1. Air enters the compressor stage at atmospheric conditions (1). 

2. Air passes through the low pressure (LP) compressor, which reduces the 

volume and increases the pressure of the air (1–2). 

3. Air passes through the high pressure (HP) compressor, which reduces the 

volume and increases the pressure of the air further (2–3). 

4. The combustor unit injects fuel and ignites the air-fuel mixture, causing an 

isobaric gas expansion (3–4). 
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5. Gas expands through the HPT, which drives the high and low pressure 

compressors (4–5). 

6. Gas expands through the FPT, which provides the rotational kinetic energy 

output from the system (5–6). 

7. Waste gas is expelled into the atmosphere (6). 

 

Figure 4: Temperature-entropy diagram of twin-spool turboshaft engine [20] 

Please note that for the aforementioned Brayton gas cycle, all expansion and 

compression processes are assumed as isentropic in nature with the energy loss 

across these processes being represented as an isentropic efficiency. 

2.3 Heat exchangers 

Heat exchangers refer to a category of devices which aim to facilitate heat transfer 

between one or more working fluids which is commonly accompanied by a change 

in temperature [22]. Recuperative heat exchangers constitute the most common 

type utilised in industry, wherein a set of working fluids continuously exchange heat 

via a series of dividing walls and are commonly divided according to their working 

principles as either direct or indirect contact configurations [22], [23]. Direct contact 

refers to the layout in which the two working fluids come into direct contact and mix 

with one another during the heat transfer process [23], [24]. Indirect contact refers 
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to a layout in which working fluids are completely separated via a dividing wall 

during the heat transfer process [23].  

Recuperative heat exchangers can be further divided by the particular flow 

configuration of the system, as shown in Figure 5, with the prominent ones being 

co-current flow, where the working fluids flow in the same direction; con-current 

flow, where the fluids cross in opposite directions; cross flow, where the fluids flow 

in a perpendicular fashion; and hybrid flow, where the fluids cross one another 

multiple times in succession [22], [25].  

 

Figure 5 Common recuperative heat exchanger flow configurations [25] 

Heat exchangers are then further characterised by the physical characteristics of 

the heat exchanger, with primary examples being the shell and tube and compact 

heat exchanger layouts. The shell and tube refers to a layout in which a hot fluid 

passes through one or more pipes placed inside a shell containing a cold working 

fluid, as seen in Figure 6 [23], [26].  
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Figure 6:  Shell and tube recuperative heat exchanger [26] 

Compact heat exchangers, commonly known as just cross-flow heat exchangers, 

refers to a layout which aims to maximise the heat transfer area per volume [7]. 

The most widely utilised compact heat exchangers are the finned-tube and 

compact arrangements, as shown in Figure 7. The finned-tube layout uses a series 

of heat conducting pipes connected to metal plates which serve to increase the 

heat transfer area of the heat exchanger, indicated in Figure 7 a). The plate-fin 

configuration, on the other hand, uses a series of metal fins situated between 

dividing walls to facilitate the transfer of heat between the working fluids, as 

indicated in Figure 7 b). 

 

Figure 7: Finned-tube a), and plate-fin b) heat exchanger layouts [27] 
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2.3.1 Recuperation in turboshaft engines 

Gas cycle recuperation, also referred to as regeneration, is the process of 

implementing heat exchangers in a gas cycle to recover the thermal energy 

expelled from the cycle by the exhaust gas to preheat the air supplied to the 

combustion chamber [3], [20], [28]. Such a system is applied in a gas cycle by 

installing a heat exchanger that transfers heat from the engine exhaust gas to the 

air intake of the combustion chamber [20]. When applied to turboshaft engines, 

recuperators are usually installed with the hot side of the heat exchanger 

downstream of the FPT, which serves to transfer waste heat back into the system 

[12], [20]. An illustrative diagram of this configuration is shown in Figure 8, as 

provided by Fakhre et al. [12].  

 

Figure 8: Single-spool recuperated turboshaft engine layout [12] 

The effects of such a system result in an increase in the thermal efficiency of the 

engine caused by the reintroduction of waste heat back into the system, which is 

commonly accompanied by an improvement in the specific fuel consumption (SFC)  

of the engine [29].  
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2.3.2 Intercooling in turboshaft engines 

Intercoolers refer to a wide variety of devices commonly used in gas cycles to 

reduce the temperature of a working fluid after compression has occurred [22], 

[30]. An intercooler operates on the principle that for a perfect gas, temperature 

and density are inversely proportional when the pressure remains constant [22]. 

This means that reducing the temperature of a gas at constant pressure will results 

in a direct increase in the density of the working gas.  

When applied to turboshaft engines, intercoolers are utilised in the form of stage 

intercooled gas cycles, in which air passing through the compressor stages is 

successively cooled down to inlet conditions [31]. An illustrative diagram of this 

configuration is shown in Figure 9, as adapted from the work of Lebre and Brojo 

[14], which indicates how an intercooler unit may be placed between the 

compressor stages of a turboshaft engine.  

 

Figure 9: Common stage intercooled layout, (illustration by author) 

The process of cooling charge air to initial starting conditions can directly reduce 

the amount of work required by the compressor stages which leads directly to an 

increase in the net-specific work of the system [32]. This effect can be observed in 

Figure 10, which shows the increase in both net-specific work and efficiency of a 

stage intercooled turboshaft engine when compared to the simple unmodified 

engine. 
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Figure 10 Simple vs intercooled turboshaft engine performance [32] 

Since the pressure is kept constant across the intercoolers, the subsequent 

reduction in air temperature results in an indirect rise in the density of the air 

supplied by the compressor stages. However, due to pressure drops that occur in 

reality across an intercooler, the system’s performance will be negatively affected 

in thermal efficiency and fuel consumption [30]. 

2.3.3 Combined intercooling and recuperation in turboshaft 

engines 

A generally accepted viewpoint is that a combination of both intercooling and 

recuperation principles leads to a more efficient form of Brayton gas cycle when 

applied to turboshaft engines [3], [20], [30], [32]. In this layout, an intercooler is 

installed between the compressor stages, and a recuperator is installed in front of 

the combustion chamber [20]. Figure 11 shows an example of a stage intercooled 

gas turbine layout with a waste heat recuperator, as presented by Ariemma et al. 

[33]. 
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Figure 11: Intercooled-recuperated gas turbine layout [33] 

In this layout, the intercooler stages serve to reduce the work input required by the 

compressor stages, while the recuperator offsets the thermal efficiency losses 

caused by the intercoolers [30]. This effect can be observed in Figure 12, as 

presented by Nada [32], which displays the efficiency increase relative to net-

specific work obtained by adding a waste heat recuperator to a stage intercooled 

turboshaft engine. 

 

Figure 12: Intercooled vs intercooled-recuperated turboshaft engine [32] 
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A combined intercooler-recuperator system will show notable improvements in the 

net-specific work, indicated power, thermal efficiency, and specific fuel 

consumption (SFC) when compared to an unmodified system [12], [20], [32]. 

2.3.4 Heat exchanger design techniques 

In the field of thermodynamics, there are numerous techniques that can be utilised 

to develop heat exchangers, either using standardised or custom layouts, with one 

of the most common and reliable methods to develop heat exchangers being the 

effectiveness number of transfer units (ε-NTU) method [7]. This technique 

estimates the heat transfer capacity of a heat exchanger by characterising the 

relationship between the number of transfer units (NTU) (Eq. 2.1) and the 

effectiveness (Eq. 2.2) of a heat exchanger, commonly provided in the form of 

charts and tables obtained from experimental data [34]. An example of such a 

relationship for a compact cross-flow heat exchanger, as presented by Holman [7], 

is described in Eq. 2.3, 

 
𝑵𝑻𝑼 =

𝑼𝑨

𝑪𝒎𝒊𝒏
 Eq. 2.1 

  𝛆 =
𝐪𝒂𝒄𝒕𝒖𝒂𝒍

𝒒𝒎𝒂𝒙𝒊𝒎𝒖𝒎
 Eq. 2.2 

 
𝜺 = 𝟏 − 𝒆𝒙𝒑 [

𝒆𝒙𝒑(−𝑵𝑻𝑼 ∗ 𝑪𝒓(𝑵𝑻𝑼−𝟎.𝟐𝟐) − 𝟏)

𝑪𝒓 ∗ 𝑵𝑻𝑼−𝟎.𝟐𝟐
] Eq. 2.3 

where the actual heat transfer across the heat exchanger is defined as the heat 

transfer across either the hot or cold side working fluids, indicated in Eq. 2.4. 

 𝒒𝒂𝒄𝒕𝒖𝒂𝒍 = 𝑪𝒉𝒐𝒕(𝑻𝒉,𝒊 − 𝑻𝒉,𝒐) = 𝑪𝒄𝒐𝒍𝒅(𝑻𝒄,𝒊 − 𝑻𝒄,𝒐) Eq. 2.4 

The maximum heat transfer across a heat exchanger is defined as the heat transfer 

between the hot and cold side working fluids, indicated in Eq. 2.5. 

 𝒒𝒎𝒂𝒙𝒊𝒎𝒖𝒎 = 𝑪𝒎𝒊𝒏(𝑻𝒉,𝒊 − 𝑻𝒄,𝒊) Eq. 2.5 

The overall heat transfer coefficient (U) is then used to represent various 

resistances present during the heat transfer process, namely the convective and 

conductive resistances [7], [34]. These resistances can be quantified by adding 

them together in series, as seen in Figure 13. 
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Figure 13: Convective and conductive resistances across a metal plate [7] 

Eq. 2.6, presented by Kays and London [34], may then be used to add together 

the individual convention and conduction resistances to calculate the overall 

thermal conductance (UA) for a given material. 

 
𝑼𝒊𝑨𝒊 =

𝟏

𝟏
𝒉𝒊𝑨𝒊𝒏𝒊

+ 𝑹𝒘𝒂𝒍𝒍 +
𝟏

𝒉𝒐𝑨𝒐𝒏𝒐

 
Eq. 2.6 

Kays and London [34] extensively studied various types of compact heat 

exchanger layouts during their research, and quantified the relationships between 

the Reynolds number (Re), fanning friction factor (f), Stanton number (St), and 

Prandtl number (Pr) for numerous compact heat exchanger layouts. The resulting 

data was compiled into surface heat transfer diagrams, with the necessary data to 

design a heat exchanger for a particular layout [23], [34], [35]. An example of such 

a diagram for a finned-tube heat exchanger is seen in Figure 14, as presented by 

Holman [7], which shows the relationship between the Colburn (j or StPr2/3) and 

fanning friction (f) factors against the Reynolds number (Re) of the working fluids. 
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Figure 14: Heat transfer diagram for heat exchanger [7] 

An important consideration in the design of a heat exchanger is the pressure drop 

across the hot and cold sides. This effect can be quantified with the following 

formula, originally derived by Kays and London [34] and corroborated by Shah and 

Sekulic [35]. 

∆𝑷

𝑷𝒊

=
𝑮𝟐

𝟐𝒈𝒄𝛒𝒊𝑷𝒊

[(𝟏 − 𝝈𝟐 + 𝑲𝒄) + 𝟐 (
𝛒𝒊

𝛒𝒐

− 𝟏) + 𝒇 (
𝒍

𝒓𝒉

) (
𝛒𝒊

𝛒𝒎

) − (𝟏 − 𝝈𝟐 + 𝑲𝒄) (
𝛒𝒊

𝛒𝒐

)] Eq. 2.7 

Heat exchanger effectiveness 

Due to heat exchangers being exceptionally complex devices, numerous 

methodologies have been developed to closer simulate real-world behaviours. 

One of these methodologies is an iterative methodology proposed by Shah and 

Sekulic [35] using the research originally performed by Kays and London [34]. This 

methodology was found to be of particular importance to this study since it can be 
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utilised to size and estimate the performance characteristics of heat exchanger 

with little starting information. This methodology initially estimates the 

effectiveness of the heat exchanger which is then used to calculate the actual 

efficiency of the heat exchanger [35]. The estimated and actual effectiveness of 

the heat exchanger are then compared, and if the actual effectiveness differs for 

the first data set, a subsequent data set is calculated using the effectiveness values 

from the previous iteration [35]. Convergence occurs when the estimated and 

actual effectiveness arrive at the same value. A simplified flow chart of this process 

is shown in Figure 15. 

 

Figure 15: Simplified heat exchanger design process 
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2.4 Dimensional analysis and similarity 

As it is not always feasible to manufacture and test a full-scale design of a device 

or system, DA and the concept of similarity may be applied to create scaled models 

that can be produced and tested at reduced size and cost [8]. DA refers to the  

process by which nondimensional parameters are derived for use in design and 

experimental testing, with the most common application being in the form of 

similarity [8], [36]. By applying similarity laws and nondimensional parameters 

during the design process of a prototype, a scaled model can be created that, when 

tested under experimental conditions, will be capable of verifying the prototype 

[36]. Using the principles of DA for a model and a prototype to share similarities, 

the following conditions need to be met [8], [36]: 

1. The independent Pi groups for the model and prototype must match, as 

indicated in Eq. 2.8. 

 𝟐,𝐦 = 𝟐,𝐩,𝟑,𝐦 = 𝟑,𝐩, … 𝐤,𝐦 = 𝐤,𝐩 Eq. 2.8 

2. There must be a geometric similarity between the model and prototype. The 

model must be of a similar shape to the prototype but may be scaled 

according to a constant scale factor.  

3. Kinematic similarity must exist between the model and the prototype, with 

the velocity at any point within the model being proportional to the velocity 

at the corresponding point in the prototype, according to a constant scale 

factor. 

4. Dynamic similarity should exist between the model and prototype. To 

achieve complete dynamic similarity, both geometric and kinematic 

similarity conditions are necessary, along with ongoing force-scale 

equivalence between the model and prototype. 

If all four requirements are met, the dependent variable will share similarity 

between the model and the prototype, Eq. 2.9 can be used to predict the 

experimental performance of the prototype: 

 𝟏,𝐦 = 𝟏,𝐩 Eq. 2.9 
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2.4.1 Dimensional analysis as applied to heat exchangers 

Using the research performed by Sánchez-Escalona et al. [37], the Buckingham pi 

method of dimensionless numbers may be applied to the principles of the ε-NTU 

method to obtain the dimensionless Pi groups as stated in Eq. 2.10 and Eq. 2.11, 

 
𝟏 =

𝑻𝒄,𝒐 − 𝑻𝒄,𝒊

𝑻𝒉,𝒊 − 𝑻𝒄,𝒊
 Eq. 2.10 

 
𝟐 =

𝒎̇𝒉

𝒎𝒄̇
 

Eq. 2.11 

where the relationship between the two pi groups is determined by Eq. 2.12. 

 𝟏 = 𝒇(𝟐) Eq. 2.12 

Thus, the heat transfer characteristics of the heat exchanger can be considered as 

a factor of the ratio of the mass flow rates of the hot and cold side fluids indicated 

in Eq. 2.13. 

 𝑻𝒄,𝒐 − 𝑻𝒄,𝒊

𝑻𝒉,𝒊 − 𝑻𝒄,𝒊
= 𝒇(

𝒎̇𝒉

𝒎𝒄̇
) Eq. 2.13 

Sánchez-Escalona et al. [37] did not use the aforementioned DA expression for 

the testing of a scale model, but instead for making an explicit expression to gauge 

the performance of an existing heat exchanger using experimental data and linear 

regression analysis. However, the underlying principles remain the same for DS 

constraints and can be used in the testing of a scale model. Thus, if geometric, 

kinematic, and DS conditions are applied to the model, similarity between the 

dependent variable of the model and the prototype may also be established in the 

form of Eq. 2.14. 

 

(
𝑻𝒄,𝒐 − 𝑻𝒄,𝒊

𝑻𝒉,𝒊 − 𝑻𝒄,𝒊
)

𝑻𝒆𝒔𝒕−𝑷𝒊𝒆𝒄𝒆

= (
𝑻𝒄,𝒐 − 𝑻𝒄,𝒊

𝑻𝒉,𝒊 − 𝑻𝒄,𝒊
)

𝑺𝒊𝒏𝒈𝒍𝒆−𝑷𝒂𝒔𝒔𝒂𝒈𝒆

 Eq. 2.14 

Having obtained the necessary dimensionless number groups, DS conditions can 

be used to evaluate experimental data against theoretical calculations [36], thereby 

verifying the model which will approximate the performance of the heat exchanger.  

To ensure that the similarity requirements are as close as possible between the 

theoretical and experimental data, a series of calculations must be performed to 

ascertain the exact conditions required during experimental testing to match the 

DS constraints. 
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2.4.2 Effect of gas temperatures on emissions 

It is accepted that a combination of the combustor temperature and pressure, fuel 

to air ratio, and atomisation of fuel primarily influence the emissions generated by 

turbojet engines [38]. In the report ‘Scheduled Civil Aircraft Emission Inventories 

for 1999: Database Development and Analysis’ by Sutkus et al. [39] for NASA, it 

was concluded that carbon monoxide and unburnt hydrocarbon emissions for 

turbojet engines were the highest under low power conditions, where the 

temperature of the air leaving the combustion chamber was the lowest. Thus, when 

a combustor runs at a lower temperature, the fuel might not undergo a complete 

combustion process, which can result in the generation of additional carbon 

monoxide as well as an increase in unburnt hydrocarbons, leaving the engine [40]. 

A significant point of this study is the potential impact that lowering the temperature 

in a combustor unit, due to the installation of an intercooler, could have on the 

emissions produced by such a system. 

2.5 Additive manufacturing 

2.5.1 Overview  

AM has been integrated into Industry 4.0 as a functional manufacturing technology, 

and since 2016, ASTM International has been working in collaboration with the 

International Organization for Standardization (ISO) to develop standards 

applicable to AM-fabricated parts with the goal of further developing the rapidly 

growing AM industry [41]. AM refers to a  process in which a three-dimensional 

(3D) object is manufactured in a layered fashion [42], [43] and can be categorised 

according to the ISO/ASTM 52900 standard into seven main categories:  

 Material extrusion 

 Material jetting 

 Binder jetting 

 Sheet lamination 

 Vat polymerization 

 Powder bed fusion 

 Directed energy deposition 
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Despite utilising different technologies, all AM techniques follow a similar approach 

to building physical objects. Firstly, a layer of the desired material is deposited onto 

a build plate at a certain layer height, and thereafter, a subsequent layer of material 

is deposited on top of the previous layer. The process is repeated until the object 

has been successfully printed [42]. A fundamental part of the AM process is part 

slicing, which refers to the act of taking a 3D computer-aided design (CAD) model 

and converting it into numerous 2D cross sections in the horizontal (X-Y) plane. 

When subsequently layered on top of one another in the vertical (Z) plane, these 

sections will result in a physical 3D model of the original CAD model [44]. An 

illustration of this process, as provided by Palmer and Laliberte  [45], is seen in 

Figure 16, which displays how a vertical shape can be created using individual 

layers. 

 

Figure 16: Illustration of slicing process [45] 

The slicing process considers numerous parameters, such as layer height, infill 

patterns, density, supporting structures, and operating dimensions, which can be 

adjusted to help improve the quality of the final print. The sliced CAD model is then 

exported in the form of a G-code file, which comprises the commands that the 3D 

printer needs to create the object [46]. Another design input that is vital to AM 

processes is support structures. Support structures act as scaffolding for the 

addition of new layers that would normally not be able to be built, such as 

overhangs or cavities [42], [47]. Support structures are commonly found in most 

AM processes; however, they play a critical role in metallic 3D printing techniques 

by serving to anchor the part onto the build plate, acting as heat sinks for heat 

dissipation, and assisting in stress-relief heat treatments [48], [49]. 
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2.5.2 Powder bed fusion (PBF) 

Powder bed fusion (PBF) refers to a number of AM processes where a heat source 

is used to fuse or sinter material in the form of a powder [50]. Processes that fall in 

this category are selective laser sintering (SLS), laser powder bed fusion (LPBF), 

and electron beam melting (EBM). 

SLS 

SLS is a process in which a carbon dioxide laser sinters powder into solid layers. 

The materials suitable for SLS are typically restricted to polymers and ceramics, 

as the lasers used in the SLS process cannot completely melt the printed material; 

instead, they sinter the particles together. This is a contributing factor to the lower 

strength of SLS compared to parts manufactured using SLM [51].  

EBM 

EBM is an AM process similar to LPBF, but instead of using a laser, it utilises an 

electron beam to impart the thermal energy required to melt the powder layers [52]. 

Unlike LPBF or SLS, the EBM process requires the build enclosure to be in a 

complete vacuum for the electron beam to function correctly [53]. Because of the 

enhanced power of the electron beam compared to a laser, the EBM process can 

produce high-density parts, enabling this technique to be utilised in the medical 

and aerospace industries [53]. 

LPBF 

Laser powder bed fusion (LPBF) is an AM technique that uses laser beam thermal 

energy to melt  fine metal powder completely [54], [55]. Since LPBF has the 

capacity to fully melt the particles of a metallic powder, it is considered a fast-

welding process, which is applicable to a large array of metal powders, such as 

titanium-based alloys, nickel-based superalloys, aluminium-based alloys, cobalt-

chrome alloys, stainless steels, gold, silver, platinum, refractory metals, copper-

based alloys, intermetallic, and low-alloy steels [54]. 

The typical mechanical layout of an LPBF machine consists of a build plate and a 

powder plate capable of independently moving up or down in the vertical Z 

direction, a powder roller, which can disperse and level the powder across the build 

plate, a laser unit capable of sintering or melting the metallic powder, and a scanner 

head that can move freely in the horizontal X-Y plane, which can direct the light 
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produced by the laser unit onto the build plate [48], [54], [56]. An illustration of this 

layout is set out in Figure 17. 

 

Figure 17: Cross-sectional layout of LPBF machine (illustration by author) 

The operating procedure for an LPBF machine begins with the build plate being 

levelled and metallic power loaded onto the powder plate. The powder roller evenly 

deposits a layer of material onto the build plate. The scanner head then directs the 

laser beam towards the build plate, where the metal powder is selectively melted. 

The build plate is lowered, and the powder roller deposits a new powder layer onto 

the build plate, which is subsequently fused by the laser beam. The process is then 

repeated until the object has been successfully manufactured [48], [54], [56]. 

Figure 18 shows the individual steps involved in the LPBF process. 
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Figure 18: Operation of LPBF machine (illustration by author) 

Patterson et al. [56] refers to the LPBF process as one comparable to a fast 

welding process, which means that parts typically experience high internal stresses 

caused by temperature gradients present during the building process. These 

stresses are referred to as residual stresses and can be defined as the stress 

present in an object without the influence of any external forces [57]. The largest 

contributing factor to residual stresses in LPBF parts is the interaction between 

new and underlying layers in the fabrication process [56]. Residual stresses arise 

when underlying layers that are in the process of cooling have a new molten layer 

added on top, the effect of which is an uneven stress gradient due to the individual 

layers undergoing uneven expansion and contraction [56]. Figure 19, adapted from 

Patterson et al. [56], displays how the heating process causes compressive 

stresses in subsequent layers, while the cooling process results in tensile stress in 

subsequent layers. 
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Figure 19: Interaction between layers during fabrication (illustration by author) 

If left untreated, this inherent flaw in the LPBF process commonly leads to warping, 

reduced strength, surface cracking, delamination, and accelerated fatigue of AM 

parts [56], [58]. The commonly utilised method to address residual stresses in 

LPBF parts is the principle of stress-relief heat treatment, where fabricated objects, 

usually still attached to the build plate and support structures, are placed in a 

furnace and heated for a period of time and  then allowed to uniformly cool [59]. 

This process aims to resolve the stresses between the individual layers of a part 

by allowing them to cool from the same starting temperature uniformly [56]. 

Depending on the application, the objects are then annealed, tempered, hardened, 

or age-hardened to achieve the desired mechanical properties [48], [58], [60]. 

2.5.3 Ti-6Al-4V 

Ti-6Al-4V (Ti64) is a two-phase titanium-aluminium-vanadium alloy primarily 

consisting of close-packed alpha and body-centred cubic beta phases applied in 

aerospace, energy, and biomedical industries due to its excellent mechanical 
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properties [61]. It has exceptional corrosion resistance, specific strength, ductility, 

and biocompatibility when compared to other AM materials [61], [62]. Ti64 can 

have several different microstructure shapes depending on the heat treatment and 

post-processing [63] and has a large array of applications [61].  This study made 

use of an Electro Optical Systems GmbH (EOS) Ti64-Grade 23 powder, which is 

an alloy produced by EOS and is typically processed in an EOS M290 direct metal 

laser sintering (DMLS) system. It is classified as a Grade 23 titanium alloy 

according to the ASTM B348, which governs annealed titanium as applied to bars 

and grills [64]. 

When a part is manufactured using the recommended process parameters on an 

EOS M290 DMLS system and heat-treated as recommended by the EOS Grade 

23 material datasheet [64], the material will have a vertical yield strength of 

1 020 MPa, and a horizontal yield strength of 1 000 MPa, as indicated in Table 1. 

Table 1: Material properties of TI64-grade 23 [64] 

 Vertical Horizontal 

Tensile strength 1 110 MPa 1 100 MPa 

Yield strength 1 020 MPa 1 000 MPa 

Elongation at break [%] 15  15 

Reduction of area [%] ≥ 25 ≥ 25 

 

The heat treatment of Ti64 is important as the stress-relief process directly affects 

the α + β microstructure of the material which determines its mechanical properties. 

In the case study of Cao et al. [65], a series of Ti64 test pieces were heat-treated 

at various temperatures and soaking times. The progression of their sample 

microstructures at different temperatures in Figure 20, shows how the 

microstructure changed under various temperatures and the durations of their heat 

treatments. 
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Figure 20: Heat-treatment effect on microstructure [65] 

Cao et al. [65] concluded that a finer α microstructure resulting from a shorter 

period of heat-treatment processes, under 10 hours, generally showed an 

improvement in strength at the cost of low ductility and poor fracture resistance. 

Conversely, Cao et al. [65] also concluded that a coarser α + β microstructure 

resulting from longer periods of heat treatments, up to 100 hours, showed higher 

fracture toughness and creep resistance at the cost of strength. Therefore, due to 

the variable effect that heat treatments have on the properties of LPBF Ti64, 

standard heat treatments may not necessarily produce the desired microstructures 

as the LPBF process parameters affect the starting microstructures of the material 

[64]. To avoid this issue, it is highly recommended to consult the relevant material 

datasheets for both the specific LPBF system and material manufacturer for 

information on the correct processing parameters and the recommended heat-

treatment process. EOS recommends that Ti64-Grade 23 powder undergo stress-

relief heat treatment for 120 minutes at 800 °C in a partial vacuum, followed by 

cooling under vacuum or argon quenching to achieve the correct material 

properties. 
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Another aspect that affects the quality and lifespan of AM parts is surface 

roughness, with as-built components manufactured using LPBF typically having a 

rough surface finish [65]. Figure 21 shows the side surfaces (a) and the top 

surfaces (b)  taken with an electron microscope in the case study of Khalid Rafi et 

al. [66].  As can be seen in Figure 21, substantial balling is present on side surfaces 

due to unfused powder, and a notable staircase effect is visible on the upper 

surfaces [66]. 

 

Figure 21: Side (a) and top (b) surfaces of as-built Ti64 sample [66] 

To address these issues, a combination of surface treatments, including blasting, 

shot peening, machining, or electro-polishing, may be employed to reduce surface 

roughness [65]. 
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2.5.4 LPBF heat exchangers 

During the case study of Venter and Jacobs [67], compact cross-flow heat 

exchangers, designed using the Kays and London method, were manufactured 

with the LPBF process. A primary example is a water-to-water heat exchanger 

(Figure 22), which was manufactured on an EOS M290 DMLS system utilising Ti64 

as material. 

 

Figure 22: Water-to-water Ti64 heat exchanger [67] 

However, several points of interest were identified during their work, which is of 

importance to this study. First, the complexity of the internal structures within a 

heat exchanger could affect the quality of the LPBF process, with finer channels 

being prone to blockages or anomalies that were difficult to rectify [5]. A micro-CT 

scan of the internal channels of a heat exchanger manufactured using LPBF is 

indicated in Figure 23, showing powder blockages within the channels.  

 

Figure 23: Top, bottom, and side micro-CT scans of fine heat exchanger channels 

Second, straight channels showed high levels of stress build-up during the build 

process, which, when released during the stress-relief process, would undergo 
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notable warping due to a lack of support [5]. An example of this effect can be clearly 

seen in Figure 24, where a set of straight channels underwent warping during the 

LPBF process due to a combination of factors, notably lack of support, build 

direction, and channel length [5]. 

 

Figure 24: Bottom, top, and side micro-CT scans of long heat exchanger channels 

It can be concluded that Ti64 heat exchangers can be produced on an EOS M290 

DMLS system; however, the design and build orientation of any manufactured heat 

exchangers will be important. It is recommended to avoid fine passages, which 

could cause blockages or long unsupported channels that could distort during 

manufacturing. 

2.6 Chapter summary 

From the literature reviewed in the chapter, a wide variety of topics and concepts 

were covered relating to the installation of post-compression intercooling 

modifications in aeronautical turboshaft engines. 

The following topics were addressed and reviewed: 

 An understanding of the operating principles behind turboshaft engines and 

their applications in the realm of aeronautics. 

 The design and manufacturing of heat exchangers based on the ε -NTU and 

Kays and London method. 

 Principles behind DA and DS for use in experimentally verifying scale 

models.  

 AM principles as applied to the LPBF printing of Ti64 parts and heat 

exchangers. 
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From the literature reviewed, there may be benefits found in the installation of an 

intercooler system into a turboshaft engine with the aim of cooling charge air 

supplied by a compressor stage. Nada [32] found that the installation of an 

intercooler system into turboshaft engines generally showed an improvement in 

performance at the cost of a minor reduction in efficiency. Such modifications could 

enhance the overall power output from the system by increasing the density of air 

supplied by the compressor stages of the turboshaft engine. Additionally, colder 

air entering the combustor unit may improve containment and regulation of the 

combustion process within the combustor unit, leading to better engine 

temperatures. However, several drawbacks were also noted, as reviewed under 

2.4.2, with the installation of the desired intercooler system directly affecting the 

thermal efficiency of the engine, which could result in an increase in the SFC. Of 

additional concern was the reduction in the temperature of air supplied to the 

combustor unit, which could negatively affect the gas emissions of the engine. 

Venter and Jacobs [67] found that heat exchangers could be designed using Ti64 

as a material if proper design considerations were made prior to manufacturing, 

with care taken to avoid powder blockages and warping during heat treatment. 

Sánchez-Escalona et al. [37] created dimensionless number groups via DA 

techniques, which can be used to experimentally verify a heat exchanger. It can 

be concluded that the concept of using Ti64 as a material in LPBF heat exchangers 

has merit and can be experimentally verified. 
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3. CHAPTER 3 

Methodology 

The aim of this chapter is to address the methodology used to achieve the objectives of this study. 

3.1 Research approach 

To achieve the objectives listed in Chapter 1, the following research approach was 

followed:  

 

Figure 25: Research approach utilised in this study 

3.2 Benchmarking 

To achieve realistic results in this study, the starting benchmark engine is assumed 

to be approximate to the performance specifications of a commercial Robinson 

R66 helicopter. Robinson [68] states that the R66 Turbine helicopter uses a 

reverse flow can-annular turboshaft engine, where the compressor and combustor 

unit are separated by connecting air ducts (Figure 26).  
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Figure 26: Robinson R66 turbine helicopter turboshaft engine [68] 

The  benchmark engine for the study is classified as a twin-spool free power turbine 

consisting of a single-stage centrifugal compressor, a reverse flow can-annular 

combustor, a two-stage HPT, and a two-stage FPT, capable of a continuous power 

output of 224 kW at a pressure ratio of 6.2 [13], [68], [69]. The technical 

specifications for the baseline engine are set out in Table 2, showing the 

characteristics of the engine as well as the continuous power output and pressure 

ratio. 

Table 2: Benchmark engine specifications [13], [69] 

Power (kW) 224 continuous 

Pressure ratio 6.20 

Length (m) 0.955 

Basic weight (kg) 91.63 

Compressor 1 centrifugal high pressure compressor 

Turbine 2-stage high power turbine, 2-stage free power turbine  

 

A breakdown of the individual components used in the benchmark engine is shown 

in Figure 27 a) and b) [13]. 
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Figure 27: a) Simplified turboshaft model, b) cross-sectional view (illustration by author) 

The air ducts in indicated in Figure 27 a) and b) serve to redirect and reverse the 

direction of the air supply as it is directed from the compressor stage to the 

combustor unit (Figure 28). 

 

 

Figure 28: Airflow diagram (illustration by author) 

A possible method to implement the hypothesised system is to replace the air 

ducts, which supply charge air to the combustor unit, with two heat exchangers 

capable of fulfilling the roles of the intercooler, as proposed in Figure 29. 
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Figure 29: Installation of heat exchangers into the engine (illustration by author) 

The following assumptions were then made to aid in the development of the 

mathematical model of the selected benchmark engine: 

 The benchmark engine for this study was based on a purely theoretical 

model.  

 The external atmosphere was assumed to be the International Standard 

Atmosphere model wherever applicable. 

 The Brayton cycle assumes a steady one-dimensional compressible flow, 

that the working fluid is a perfect gas, and that the gas expansion and 

compression processes are isentropic in nature. 

The Brayton cycle model this study used was obtained from El-Sayed [11] and was 

verified using Dixon & Hall [8]. This cycle could be used to calculate the pressure 

and temperature of the working gas as it passes through each of the different 

stages of the benchmark engine, as well as the calculation of unknown variables 

such as the temperature and pressure of the air passing through the system and 

the mass flow rate of the engine. Implementing the assumptions, the Brayton cycle 

for the benchmark engine layout depicted in Figure 30 can be plotted on the 

Temperature-Entropy diagram depicted in Figure 31. This shows the process by 

which air passes through the air intake from the atmosphere, then through the 

compressor stage up to the pressure ratio of 6.2, undergoes combustion in the 

combustor unit, the exhaust gas passes through the HPT, which drives the 
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compressor, and lastly, the gas passes through the FPT before being expelled into 

the atmosphere. 

 

Figure 30: Benchmark engine layout (illustration by author) 

 

Figure 31: Temperature-Entropy diagram for benchmark engine (illustration by author) 

Starting assumptions 

Because there are numerous challenges involved in developing the theorised 

intercooler system, the following assumptions were made to assist in containing 

the scope of the study. 

1. The intercooler system would consist of two separate heat exchangers 

replacing the two air ducts that lead air from the compressor to the 

combustor unit which would be cooled by two independent cooling fans, as 

indicated in Figure 32. 
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Figure 32: Proposed intercooler layout (illustration by author) 

2. The volume of the heat exchanger units would be limited to the amount of 

space available between the air ducts.  

3. The full-scale intercooler design would use Ti64 titanium alloy to ensure 

continuity with any test pieces manufactured via AM.  

4. The geometry of the full-size heat exchanger would be scalable to allow for 

AM at half scale. 

5. The overall pressure drop across the intercooler units would be minimised 

wherever possible because a substantial pressure drop could result in a 

choking effect, which could harm the performance of the benchmark engine. 

Unknown variables 

Before the intercooler system could be designed, several unknown variables were 

present at the beginning of the design phase which had to be addressed. These 

variables were:  

1. The temperature and mass flow rate of the air passing through the 

compressor unit of the benchmark engine were unknown. Figure 33 

indicates how a basic Brayton gas cycle is used to estimate the performance 

characteristics of the benchmark engine to calculate the inlet pressure, inlet 

temperature, and mass flow rate to fulfil the design requirements for the hot 

side of the heat exchanger.  

© Central University of Technology, Free State



 

40 | P a g e  

 

Figure 33: Hot side parameters  

2. The cooling fluid for the system was assumed to be air supplied at 

atmospheric conditions via a set of two 150 mm 54 W axial-flow fans 

capable of supplying an airflow of 480m3/h each [70]. This assumption was 

made because the intercooler system required an external cooling source, 

the design of which was deemed outside the scope of this project. From 

these assumptions, the inlet pressure, inlet temperature, and mass flow rate 

for the cold side fluid were calculated. A flow chart of this process is set out 

in Figure 34. 

 

Figure 34: Cold side parameters 
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Heat exchanger design 

After evaluation of the unknown variables for both the hot and cold sides, a 

theoretical heat exchanger could be designed that would meet the requirements of 

this study.  It was assumed that the system would consist of two separate heat 

exchanger units, with each being able to handle half of the total load on the system. 

A single unit could be designed that was capable of cooling half of the total mass 

flow rate from the compressor. As was discussed during the literature review, Shah 

and Sekulic [35] proposed an iterative process based on the prior work by Kays 

and London [34], which can be used to calculate the exit parameters for a specific 

heat exchanger using only the input parameters and size. This methodology 

estimates the effectiveness of the heat exchanger using collected experimental 

data in the form of data charts, which were then used to calculate the actual 

effectiveness of the heat exchanger. The estimated and actual effectiveness of the 

heat exchanger were compared, and if there was a variance in the estimated and 

actual values, a new iteration was performed using the actual efficiency obtained 

from the previous iteration. After several iterations were performed, the estimated 

and actual effectiveness were expected to converge.  Once convergence had been 

achieved, the design phase could proceed to the pressure drop analysis stage of 

the process. A flowchart explaining this methodology is illustrated in Figure 35, 

which shows how input parameters such as temperature, pressure, and flow rate 

could be used to estimate the performance of the heat exchanger. Using this 

iterative process, the theoretical performance for the full-size heat exchanger 

design was obtained using the limited data available from the benchmark engine. 
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Figure 35: Shah and Sekulic iterative heat exchanger design process 
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3.3 Single-passage heat exchanger design 

Due to concerns regarding the potential cost involved in prototyping and 

experimentally testing the full-size heat exchanger system, it was decided that a 

single passage would be extracted from the full-size design, which could then be 

manufactured at the desired scale and tested using compressed air. This process 

is illustrated in Figure 36 showing how a segment could be extracted from a larger 

heat exchanger design.  

 

Figure 36: Single-passage segment extraction process 

The proposed iterative design process for the heat exchanger was then repeated 

for the extracted single-passage segment, which allowed for the expected 

performance of the single-passage segment to be obtained. It should be noted that 

the testing of an extracted segment was expected to provide less accurate results 

compared to a full-size design; however, considering the risk of failure involved in 

manufacturing LPBF heat exchangers, a smaller test piece was found to be 

justifiable. 

3.4 Test-piece heat exchanger 

For the experimental testing phase of the project, the scaled test-piece heat 

exchanger would need to be experimentally verified using compressed air. To 

reduce the flow rate of air required to verify the test piece, a scale factor of 50% 

was selected. 
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Once the parameters for the full-scale single-pass heat exchanger were calculated, 

it was scaled down by 50% to serve as the test piece. 

 

Figure 37: Scaling process 

The scaling process allowed for the successful production of the test piece 

segment on an EOS M290 LPBF system at the Centre for Rapid Prototyping and 

Manufacturing (CRPM) in Bloemfontein, South Africa. The connecting manifolds 

were then manufactured at the Product Development Technology Station (PDTS) 

in Bloemfontein from an aluminium billet, with gasket seals used to seal the 

manifolds against the test-piece heat exchanger. 

3.5 Experimental methodology 

Using the DA research performed by Sánchez-Escalona et al. [37], similarity could 

theoretically be established between the experimental test-piece segment and the 

full-scale design, which allowed the project to proceed to the experimental phase.  

For kinematic similarity parameters to be met, the model would need to be tested 

under the specific conditions that were required to match DS conditions. As a 

result, a test bench capable of simulating the necessary conditions was fabricated. 

The required test bench consisted of the following components, as indicated in 

Figure 38: 

1. One air supply heating unit (1500 Watts). 

© Central University of Technology, Free State



 

45 | P a g e  

2. Two pressure regulation valves at the hot and side inlet (0.5-12 Bar) 

3. Gas volumetric flow gauge for the hot side (300 LPM). 

4. Gas volumetric flow gauge for the cold side (140 LPM). 

5. Four temperature gauges to measure the temperature of the working fluids 

at the test-piece inlet and outlet (120 °C). 

6. Four pressure gauges to measure the pressure of the working fluids at the 

test-piece inlet and outlet (12 Bar) 

7. Flow regulation valve at hot side outlet (10 Bar). 

 

Figure 38: Test bench schematic 

3.6 Results 

After completion of the experimental phase of the project, the performance of the 

single-passage heat exchanger design was validated via the test piece. 

Conclusions were then made concerning the possible efficacy of the full-size 

design when applied to turboshaft engines. A simple flow chart of this process is 

illustrated in Figure 39. 
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Figure 39: Process to reach results from data 

3.7 Chapter Summary 

In this chapter, the approach used to begin the design process for the intercooler 

system was laid out. Firstly, the specifications used to benchmark the turboshaft 

engine were selected from the literature, and the process by which the intercooler 

system could be feasibly installed into the benchmark engine was described. The 

process by which the test piece would be extracted from the full-size design and 

the required components for the test bench was evaluated, and the process by 

which the experimental results would be used to verify the efficacy of the full-scale 

design was laid out.  
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4. CHAPTER 4 

Benchmark Engine Characterisation 

This chapter aims to address the operating characteristics of the benchmark turboshaft engine using 

a basic Brayton gas cycle.  

4.1 Brayton cycle calculations 

Before the heat exchanger unit could be designed, the unknown conditions of the 

air entering the combustor unit had to be determined. These results would then be 

used to the design requirements for the hot side of the heat exchanger. 

Speed of sound 

By applying Eq. 4.1, the local speed of sound was calculated from atmospheric 

conditions. 

 𝒂 = √𝒚𝑹𝑻𝒂 Eq. 4.1 

Where: 

𝒚 = 𝟏. 𝟒  

𝑹 = 𝟐𝟖𝟕. 𝟎𝟓𝟖 

𝑻𝒂 = 𝟐𝟖𝟖. 𝟏𝟓 °𝑲 

Thus: 

𝒂 = √𝒚𝑹𝑻𝒂 

𝒂 = √𝟏. 𝟒 ∗ 𝟐𝟖𝟕. 𝟎𝟓𝟖 ∗ 𝟐𝟖𝟖. 𝟏𝟓 

𝒂 = 𝟑𝟒𝟎. 𝟐𝟗𝟕 𝒎/𝒔 

Mach number 

By applying Eq. 4.2, the previously calculated speed of sound was used to obtain 

the Mach number of the air entering the intake stage. Note that due to the engine 

being assumed as stationary, this effect will be zero for this data set. 

 

 
𝑴 =

𝒄

𝒂
 Eq. 4.2 

Where: 
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𝒄 = 𝟎 𝒌𝒎/𝒉 

𝒂 = 𝟑𝟒𝟎. 𝟐𝟗𝟕 𝒎/𝒔 

Thus: 

𝑴 =
𝒄

𝒂
 

𝑴 =
𝟎

𝟑. 𝟔 ∗ 𝟑𝟒𝟎. 𝟐𝟗𝟕
 

𝑴 = 𝟎 

Stagnant temperature at inlet exit 

Using Eq. 4.3 [11], the stagnant temperature of the air leaving the air inlet was 

calculated from atmospheric conditions. 

 
𝑻𝟎𝟐 = 𝑻𝒂 (𝟏 + (

𝒚 − 𝟏

𝟐
) ∗ 𝑴𝟐) Eq. 4.3 

Where: 

𝑴 = 𝟎 

𝑻𝒂 = 𝟐𝟖𝟖. 𝟏𝟓𝟎 °𝑲 

𝒚 = 𝟏. 𝟒 

𝒂 = 𝟑𝟒𝟎. 𝟐𝟗𝟕 𝒎/𝒔 

Thus: 

𝑻𝟎𝟐 = 𝑻𝒂 (𝟏 + (
𝒚 − 𝟏

𝟐
) ∗ 𝑴𝟐) 

𝑻𝟎𝟐 = 𝟐𝟖𝟖. 𝟏𝟓𝟎 (𝟏 + (
𝟏. 𝟒 − 𝟏

𝟐
) ∗ 𝟎𝟐) 

𝑻𝟎𝟐 = 𝟐𝟖𝟖. 𝟏𝟓𝟎 °𝑲  

Stagnant pressure at inlet exit 

Using Eq. 4.4 [11], the stagnant pressure of the air leaving the air inlet was 

calculated using atmospheric conditions. Eq. 4.4 addresses losses through an air 

intake by assuming an intake efficiency for the ducts. Therefore, an intake 

efficiency of 92% was assumed for the air duct. 

 

𝑷𝟎𝟐 = 𝑷𝒂 (𝟏 + 𝒏𝒅 (
𝒚 − 𝟏

𝟐
) ∗ 𝑴𝟐)

𝒚
𝒀−𝟏

 Eq. 4.4 
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Where: 

𝑷𝒂 = 𝟏𝟎𝟏. 𝟑𝟐𝟓 𝒌𝑷𝒂 

𝒚 = 𝟏. 𝟒 

𝒂 = 𝟑𝟒𝟎. 𝟐𝟗𝟕 𝒎/𝒔 

𝑴 = 𝟎 

𝜼𝒅 = 𝒊𝒏𝒕𝒂𝒌𝒆 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 = 𝟎. 𝟗𝟐 

Thus: 

𝑷𝟎𝟐 = 𝑷𝒂 (𝟏 + 𝜼𝒅 (
𝒚 − 𝟏

𝟐
) ∗ 𝑴𝟐)

𝒚
𝒀−𝟏

 

𝑷𝟎𝟐 = 𝟏𝟎𝟏. 𝟑𝟐𝟓 (𝟏 + 𝟎. 𝟗𝟐 (
𝟏. 𝟒 − 𝟏

𝟐
) ∗ 𝟎𝟐)

𝟏.𝟒
𝟏.𝟒−𝟏

 

𝑷𝟎𝟐 = 𝟏𝟎𝟏. 𝟑𝟐𝟓 𝒌𝑷𝒂 

Stagnant pressure at the compressor exit 

After calculating the stagnant pressure of the air leaving the inlet, the pressure ratio 

of the engine was used via Eq. 4.5 to obtain the stagnant pressure of the air leaving 

the centrifugal compressor. 

 𝑷𝟎𝟑 = 𝝅𝒄 ∗ 𝑷𝟎𝟐 Eq. 4.5 

Where: 

𝛑𝐜 = 𝟔. 𝟐 

𝑷𝟎𝟐 = 𝟏𝟎𝟏. 𝟑𝟐𝟓 𝒌𝑷𝒂 

Thus: 

𝐏𝟎𝟑 = 𝛑𝐜 ∗ 𝐏𝟎𝟐 

𝐏𝟎𝟑 = 𝟔. 𝟐 ∗ 𝟏𝟎𝟏. 𝟑𝟐𝟓 

𝐏𝟎𝟑 = 𝟔𝟐𝟖. 𝟐𝟏𝟓 𝒌𝑷𝒂 

Stagnant temperature at compressor exit 

Eq. 4.6 [11], was then used to calculate the stagnant temperature of the air leaving 

the centrifugal compressor. Due to an adiabatic compression process having taken 

place, an isentropic efficiency of 84% will be assumed for the compressor stage. 
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𝑻𝟎𝟑 = 𝑻𝟎𝟐 (𝟏 +
𝝅𝒄

𝒚𝒄−𝟏
𝒚𝒄 − 𝟏

𝜼𝒄
) Eq. 4.6 

Where: 

𝐓𝟎𝟐 = 𝟐𝟖𝟖. 𝟏𝟓 °𝑲 

𝒚𝒄 = 𝟏. 𝟒 

𝛑𝐜 = 𝟔. 𝟐 

𝜼𝐜 = 𝟎. 𝟖𝟒 

Thus: 

𝐓𝟎𝟑 = 𝐓𝟎𝟐 (𝟏 +
𝛑𝐜

𝐲𝐜−𝟏
𝐲𝐜 − 𝟏

𝛈𝐜
) 

𝐓𝟎𝟑 = 𝟐𝟖𝟖. 𝟏𝟓 (𝟏 +
𝟔. 𝟐

𝟏.𝟒−𝟏
𝟏.𝟒 − 𝟏

𝟎. 𝟖𝟒
) 

𝐓𝟎𝟑 = 𝟓𝟐𝟐. 𝟖𝟔𝟎 °𝑲 

Additionally, the overall temperature rise across the compressor: 

∆𝐓𝐜𝐨𝐦𝐩𝐫𝐞𝐬𝐬𝐨𝐫 = 𝐓𝟎𝟑 − 𝐓𝟎𝟐 

∆𝐓𝐜𝐨𝐦𝐩𝐫𝐞𝐬𝐬𝐨𝐫 = (𝟓𝟐𝟐. 𝟖𝟔𝟎 − 𝟐𝟕𝟑) − (𝟐𝟖𝟖. 𝟏𝟓 − 𝟐𝟕𝟑) 

∆𝐓𝐜𝐨𝐦𝐩𝐫𝐞𝐬𝐬𝐨𝐫 = 𝟐𝟑𝟒. 𝟕𝟏𝟎 °𝑪 

Stagnant temperature at combustor unit exit 

It was assumed that the stagnant temperature of the air leaving the combustor unit 

was the same as the gas temperature limitations of the gas turbine stages. For the 

benchmark engine, as applied in a Robinson R66 helicopter, the maximum 

continuous gas temperature under normal operating conditions for the turbine 

stages is 706 °C [69]. 

𝐓𝟎𝟒 = 𝟕𝟎𝟔 + 𝟐𝟕𝟑 = 𝟗𝟕𝟗 °𝐊 

Stagnant pressure at the combustor unit exit 

For a real-world turboshaft engine, a minor pressure drop will be present across 

the combustor unit. Eq. 4.7 [11], was used to account for this pressure loss via an 

assumed 4% pressure drop across the combustor unit. 
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 𝑷𝟎𝟒 = (𝟏 − ∆𝑷𝒄𝒐𝒎𝒃𝒖𝒔𝒕𝒐𝒓) ∗ 𝑷𝟎𝟑 Eq. 4.7 

Where: 

∆𝐏𝐜𝐨𝐦𝐛𝐮𝐬𝐭𝐨𝐫 = 𝟎. 𝟎𝟒 

𝐏𝟎𝟑 = 𝟔𝟐𝟖. 𝟐𝟏𝟓 𝒌𝑷𝒂 

Thus: 

𝐏𝟎𝟒 = (𝟏 − ∆𝐏𝐜𝐨𝐦𝐛𝐮𝐬𝐭𝐨𝐫) ∗ 𝐏𝟎𝟑 

𝐏𝟎𝟒 = (𝟏 − 𝟎. 𝟎𝟒) ∗ 𝟔𝟐𝟖. 𝟐𝟏𝟓 

𝐏𝟎𝟒 = 𝟔𝟎𝟑. 𝟎𝟖𝟔 𝒌𝑷𝒂  

Air-to-fuel ratio inside the combustor unit 

Eq. 4.8 [11], could then be used to approximate the air-to-fuel ratio inside the 

combustor unit. In accordance with [11], a calorific value of 42.798 MJ/kg was 

assumed for the Jet A1 grade fuel, as well as an efficiency of 98% for the 

combustor unit. 

 
𝒇 =

(𝑪𝒑𝒉 ∗ 𝑻𝟎𝟒) − (𝑪𝒑𝒄 ∗ 𝑻𝟎𝟑)

(𝜼𝒃 ∗ 𝑸𝑹) − (𝑪𝒑𝒉 ∗ 𝑻𝟎𝟒)
 Eq. 4.8 

Where: 

𝐂𝐩𝐜 = 𝟏. 𝟎𝟎𝟓 𝐤𝐉/𝐤𝐠 

𝐂𝐩𝐡 = 𝟏. 𝟏𝟒𝟖 𝐤𝐉/𝐤𝐠 

𝐓𝟎𝟒 = 𝟗𝟕𝟗 °𝐊 

𝐓𝟎𝟑 = 𝟓𝟐𝟐. 𝟖𝟔𝟎 °𝑲 

𝑸𝑹 = 𝟒𝟐. 𝟕𝟗𝟖 𝑴𝑱/𝒌𝒈 

𝜼𝒃 = 𝟎. 𝟗𝟖 

Thus: 

𝐟 =
(𝐂𝐩𝐡 ∗ 𝐓𝟎𝟒) − (𝐂𝐩𝐜 ∗ 𝐓𝟎𝟑)

(𝛈𝐛 ∗ 𝐐𝐑) − (𝐂𝐩𝐡 ∗ 𝐓𝟎𝟒)
 

𝐟 =
(𝟏. 𝟏𝟒𝟖𝐱𝟏𝟎𝟑 ∗ 𝟗𝟕𝟗) − (𝟏. 𝟎𝟎𝟓𝐱𝟏𝟎𝟑 ∗ 𝟓𝟐𝟐. 𝟖𝟔𝟎)

(𝟎. 𝟗𝟖 ∗ 𝟒𝟐. 𝟕𝟗𝟖𝐱𝟏𝟎𝟔) − (𝟏. 𝟏𝟒𝟖𝐱𝟏𝟎𝟑 ∗ 𝟗𝟕𝟗)
 

𝒇 = 𝟏𝟒. 𝟔𝟔𝟏𝐱𝟏𝟎−𝟑 
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Stagnant temperature at the HPT exit 

Using Eq. 4.9 [11], the stagnant temperature of the gas leaving the HPT stage 

could be calculated. To account for mechanical losses, an efficiency of 95% was 

assumed for the compressor HPT assembly. 

 
𝑻𝟎𝟓 = 𝑻𝟎𝟒 −

𝑪𝒑𝒄(𝑻𝟎𝟑 − 𝑻𝟎𝟐)

𝜼𝒎(𝟏 + 𝒇)𝑪𝒑𝒉
 Eq. 4.9 

Where: 

𝐂𝐩𝐜 = 𝟏. 𝟎𝟎𝟓 𝐤𝐉/𝐤𝐠 

𝐂𝐩𝐡 = 𝟏. 𝟏𝟒𝟖 𝐤𝐉/𝐤𝐠 

𝐓𝟎𝟒 = 𝟗𝟕𝟗 °𝐊 

𝐓𝟎𝟑 = 𝟓𝟐𝟐. 𝟖𝟔𝟎 °𝑲 

𝐓𝟎𝟐 = 𝟐𝟖𝟖. 𝟏𝟓 °𝑲 

𝜼𝒎 = 𝟎. 𝟗𝟓 

𝒇 = 𝟏𝟒. 𝟔𝟔𝟏𝐱𝟏𝟎−𝟑 

Thus: 

𝐓𝟎𝟓 = 𝐓𝟎𝟒 −
𝐂𝐩𝐜(𝐓𝟎𝟑 − 𝐓𝟎𝟐)

𝜼𝐦(𝟏 + 𝐟)𝐂𝐩𝐡
 

𝐓𝟎𝟓 = 𝟗𝟕𝟗 −
𝟏. 𝟎𝟎𝟓𝐱𝟏𝟎𝟑(𝟓𝟐𝟐. 𝟖𝟔𝟎 − 𝟐𝟖𝟖. 𝟏𝟓)

𝟎. 𝟗𝟓(𝟏 + 𝟏𝟒. 𝟔𝟔𝟏𝐱𝟏𝟎−𝟑)𝟏. 𝟏𝟒𝟖𝐱𝟏𝟎𝟑
 

𝐓𝟎𝟓 = 𝟕𝟔𝟓. 𝟖𝟑𝟕 °𝑲 

Stagnant pressure at the HPT exit 

Using Eq. 4.10 [11], the stagnant pressure of the gas leaving the HPT stage could 

be obtained. Due to an adiabatic expansion process having occurred, an isentropic 

efficiency of 86% was assumed for the stage. 

 
𝑷𝟎𝟓

𝑷𝟎𝟒
= (𝟏 −

𝟏

𝜂𝒈𝒕
(𝟏 −

𝑻𝟎𝟓

𝑻𝟎𝟒
))

𝒚𝒉
𝒚𝒉−𝟏

 Eq. 4.10 

 

 

Where: 

𝐏𝟎𝟒 = 𝟔𝟎𝟑. 𝟎𝟖𝟔 𝒌𝑷𝒂  
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𝐓𝟎𝟒 = 𝟗𝟕𝟗 °𝐊 

𝐓𝟎𝟓 = 𝟕𝟔𝟓. 𝟖𝟑𝟕 °𝑲 

𝜼𝒈𝒕 = 𝟎. 𝟖𝟔 

𝒚𝒉 = 𝟏. 𝟑𝟑𝟑 

Thus: 

𝑷𝟎𝟓 = 𝑷𝟎𝟒 (𝟏 −
𝟏

𝜼𝒈𝒕
(𝟏 −

𝑻𝟎𝟓

𝑻𝟎𝟒
))

𝒚𝒉
𝒚𝒉−𝟏

 

𝑷𝟎𝟓 = 𝟔𝟎𝟑. 𝟎𝟖𝟔 (𝟏 −
𝟏

𝟎. 𝟖𝟔
(𝟏 −

𝟕𝟔𝟓. 𝟖𝟑𝟕

𝟗𝟕𝟗
))

𝟏.𝟑𝟑𝟑
𝟏.𝟑𝟑𝟑−𝟏

 

𝑷𝟎𝟓 = 𝟏𝟖𝟕. 𝟒𝟑𝟗 𝒌𝑷𝒂  

Temperature at the FPT exit 

Having calculated all unknown variables up to the FPT stage, Eq. 4.11 [11], was 

used to calculate the temperature of the exhaust gas leaving the engine. 

 

𝑻𝟔 = 𝑻𝟎𝟓 (𝟏 − 𝜂𝒇𝒕 (𝟏 − (
𝑷𝟔

𝑷𝟎𝟓
)

𝒚−𝟏
𝒚

)) Eq. 4.11 

Where: 

𝐏𝟔 =  𝐏𝐚 = 𝟏𝟎𝟏. 𝟑𝟐𝟓 𝐤𝐏𝐚  

𝐏𝟎𝟓 = 𝟏𝟖𝟕. 𝟒𝟑𝟗  𝒌𝑷𝒂  

𝐓𝟎𝟓 = 𝟕𝟔𝟓. 𝟖𝟑𝟕 °𝑲 

𝜼𝒇𝒕 = 𝟎. 𝟖𝟔 

𝒚𝒉 = 𝟏. 𝟑𝟑𝟑 
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Thus: 

𝑻𝟔 = 𝑻𝟎𝟓 (𝟏 − 𝜼𝒇𝒕 (𝟏 − (
𝑷𝟔

𝑷𝟎𝟓
)

𝒚𝐡−𝟏
𝒚𝐡

)) 

𝑻𝟔 = 𝟕𝟔𝟓. 𝟖𝟑𝟕 (𝟏 − 𝟎. 𝟖𝟔 (𝟏 − (
𝟏𝟎𝟏. 𝟑𝟐𝟓

𝟏𝟖𝟒. 𝟒𝟑𝟗 
)

𝟏.𝟑𝟑𝟑−𝟏
𝟏.𝟑𝟑𝟑

)) 

𝑻𝟔 = 𝟔𝟕𝟐. 𝟎𝟐𝟑 °𝑲 

Mass flow rate of air entering combustor 

Since the power output from the FPT is known, the mass flow rate of the air 

entering the combustor unit was calculated via Eq. 4.12 [11]. 

 𝑷𝒓𝒐𝒕𝒐𝒓 = 𝒎̇𝒂(𝟏 + 𝒇)𝑪𝒑𝒉(𝑻𝟎𝟓 − 𝑻𝟎𝟔) Eq. 4.12 

Where: 

𝐏𝐫𝐨𝐭𝐨𝐫 = 𝟏𝟕𝟗 𝒌𝑾 

𝒇 = 𝟏𝟒. 𝟔𝟔𝟏𝐱𝟏𝟎−𝟑 

𝐓𝟎𝟓 = 𝟕𝟔𝟓. 𝟖𝟑𝟕 °𝑲 

𝑻𝟔 = 𝟔𝟕𝟐. 𝟎𝟐𝟑 °𝑲 

𝐂𝐩𝐡 = 𝟏. 𝟏𝟒𝟖 𝐤𝐉/𝐤𝐠 

Thus: 

𝐏𝐫𝐨𝐭𝐨𝐫 = 𝒎̇𝒂(𝟏 + 𝐟)𝐂𝐩𝐡(𝐓𝟎𝟓 − 𝐓𝟎𝟔) 

𝒎̇𝒂 =
𝐏𝐫𝐨𝐭𝐨𝐫

(𝟏 + 𝐟)𝐂𝐩𝐡(𝐓𝟎𝟓 − 𝐓𝟎𝟔)
 

𝒎̇𝒂 =
𝟏𝟕𝟗𝒙𝟏𝟎𝟑

(𝟏 + 𝟏𝟒. 𝟔𝟔𝟏𝐱𝟏𝟎−𝟑)𝟏. 𝟏𝟒𝟖𝐱𝟏𝟎𝟑(𝟕𝟔𝟓. 𝟖𝟑𝟕 − 𝟔𝟕𝟐. 𝟎𝟐𝟑)
 

𝒎̇𝒂 = 𝟏. 𝟔𝟑𝟖 𝒌𝒈/𝒔 
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4.2 Brayton cycle results 

Table 3 summarises the calculated parameters obtained from the process which 

will be used to fill the design requirements for the hot side of the heat exchanger.  

Table 3: Brayton cycle results 

Specific heat ratio of air (𝒚) 𝟏. 𝟒 

Universal gas constant of air (𝑹) 287.058 𝐽/𝑘𝑔 · 𝐾 

Speed of sound (𝒂) 340.297 𝑚/𝑠 

Intake efficiency (𝜼𝒅) 0.92 

Compressor isentropic efficiency (𝜼𝐜) 0.84 

Gas turbine efficiency (𝜼𝒈𝒕) 0.86 

Gas turbine efficiency (𝜼𝒎) 0.95 

Atmospheric temperature (𝑻𝒂) 288.150 °𝐾 

Atmospheric pressure (𝑷𝒂) 101.325 𝑘𝑃𝑎 

Inlet outlet temperature  (𝑻𝟎𝟐) 288.150 °𝐾 

Inlet outlet pressure  (𝑷𝟎𝟐) 101.325 𝑘𝑃𝑎 

Compressor outlet temperature (𝐓𝟎𝟑) 522.860 °𝐾 

Compressor outlet pressure (𝐏𝟎𝟑) 628.215 𝑘𝑃𝑎 

Compressor temperature rise (∆𝐓𝐜𝐨𝐦𝐩𝐫𝐞𝐬𝐬𝐨𝐫) 234.710 °𝐶 

Combustor outlet temperature (𝐓𝟎𝟒) 979 °𝐾 

Combustor outlet pressure (𝐏𝟎𝟒) 603.086 𝑘𝑃𝑎 

Air-to-fuel ratio (𝒇) 14.661x10−3 

HPT outlet temperature (𝐓𝟎𝟓) 765.837 °𝐾 

HPT outlet pressure (𝑷𝟎𝟓) 187.439 𝑘𝑃𝑎 

FPT outlet temperature (𝑻𝟔) 672.023 °𝐾 

Mass flow rate of air (𝒎̇𝒂) 1.638 𝑘𝑔/𝑠 

 

The theoretical Brayton cycle, when applied to the benchmark engine, indicated 

that the compressor stage would cause an estimated temperature rise of 234.71 °C 

in the charge air at a mass flow rate of 1.638 kg/s. These were the most important 

parameters needed to initiate the design process for the heat exchanger. This rise 

in temperature corroborates the original hypothesis, which states that the 

temperature rise across the compressor stages of a turboshaft engine could be 

counteracted by a heat exchanger. 
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4.3 Chapter summary 

This chapter aimed to determine the required parameters to fulfil the design 

requirements for the hot side of the heat exchanger, with the most important being 

the temperature, pressure, and mass flow rate of the air supplied by the 

compressor stage of the benchmark engine. The simple Brayton gas cycle was 

successfully applied to the benchmark engine using assumptions for the 

compression and expansion isentropic efficiencies of the engine, which allowed for 

the estimated temperature rise in the charge air (234.71 °C) at the operating 

pressure (628.215 kPa) and mass flow rate (1.638 kg/s) to be determined.  
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5. CHAPTER 5 

Heat Exchanger Design 

The aim of this chapter is to break down the steps taken to size and characterise the heat exchanger 

units using the ε-NTU supplemented by Kays and London for designing heat exchangers. It also 

describes the process of extracting the test piece from the full-size design and manufacturing using 

LPBF Ti64. The DS conditions necessary to verify the test piece were determined through a series of 

calculations and the operating conditions for the experimental test bench were taken into account. 

5.1 Full-size design 

The first assumption to address the design process was the driving dimensions of 

the heat exchanger unit, where L1 refers to the length of the hot side passages, L2 

refers to the length of the cold side passages, while L3 refers to the tile width of 

the heat exchanger, as indicated in Figure 40. Given the limited space between 

the compressor and combustor unit of the benchmark engine, the size of the heat 

exchanger design was assumed not to exceed a total length of 270 mm and a 

height/width of 220 mm.  

 

Figure 40: Full-size heat exchanger layout and orientation 

For the layout of the heat exchanger, a compact hybrid flow layout was selected in 

the form of a multi-pass cross-flow setup wherein the cooling fluid would pass 

multiple times across the hot fluid in succession. This layout was primarily chosen 

to allow for a smaller test piece segment to be extracted from the design while 
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retaining proportionality with the full-size design. Thus, to remain within the initial 

assumptions for the size of the heat exchanger, a series of three passes was 

assumed with an L1 length of 90 mm per passage, as indicated in Table 4.  

Table 4: Driving dimension of the full-sized heat exchanger  

 Pass 1 Pass 2 Pass 3 

L1 90 mm 90 mm 90 mm 

L2 220 mm 220 mm 220 mm 

L3 220 mm 220 mm 220 mm 

 

Figure 41 indicates the proposed layout where the hot side fluid passes through a 

long, uninterrupted channel, and the cold side fluid passes across three times in 

series in a collinear fashion. 

 

Figure 41: Full-size multi-pass heat exchanger layout  

Heat exchanger geometry selection 

As the study used data provided by Kays and London [34] to design the heat 

exchanger using the ε-NTU method, some initial choices regarding the geometry 

of the mesh had to be made before the design process could continue. As 

scalability was a primary issue to consider, a suitable mesh was determined to be 

the plain plate-fin surface  5.3 inch, as provided by Kays and London [34]. 
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Following several experiments, it was found that if optimally orientated, a heat 

exchanger made using this geometry on both the hot and cold sides could be 

manufactured on an EOS M290 LPBF system using Ti-6Al-4V (ELI) without the 

use of any supporting structures on the internal surfaces. The primary dimensions 

for the selected mesh are indicated in Figure 42, which shows a wall-to-wall 

spacing of 12 mm and a fin height of 10 mm.   

 

Figure 42: Plain plate-fin surface 5.3 geometry 

Table 6 highlights the technical specifications of the mesh, namely the material, 

plate spacing, fin length, hydraulic diameter, transfer area to volume ratio, fin 

thickness, and fin area to total area ratio. 

Table 5: Plain plate-fin surface 5.3 specifications 

Material Aluminium 

Plate spacing (𝒃) 12 mm 

Fin length (𝒍𝒇) 13 mm 

Hydraulic diameter (𝑫𝒉) 6.147E-3 m 

Transfer area to volume ratio (𝑩) 616.8 

Fin thickness (𝜹𝒇𝒊𝒏) 0.152 mm 

Fin area to total area ratio (𝑨𝒇/𝑨) 0.719 

 

Several modifications to the geometry of the mesh were required due to the original 

design being intended for conventional manufacturing from aluminium sheet metal 

and not AM. Thus, for the full-size design, the material was changed to Ti64 

titanium alloy, the fin thickness was changed to 0.8 mm to allow for LPBF printing, 

and the thickness of the dividing walls was changed to 2 mm to prevent warping 
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when printing at half scale. Additionally, CRPM recommended that 0.8 mm fillets 

be installed between the fins to avoid possible issues during manufacturing. As 

stated by Kays and London [34], any modifications made to the fin thickness or 

profile of a cell would also affect the hydraulic diameter and passage volume of the 

mesh. Therefore, these parameters were recalculated for the new geometry.  

Hydraulic diameter 

Utilising the information provided in Table 5, the profile for the modified 5.3 plate 

fin layout was designed using SolidWorks 3D modelling software, wherein the 

thickness of the fins was changed to 0.8 mm, and 0.8 mm fillets were added to 

internal angles. The resulting cell is illustrated in Figure 43, where the highlighted 

section indicates the available free-flow area through the cell. 

 

Figure 43: Single cell for modified 5.3 plate fin 

The new wetted perimeter and free-flow area of the modified cell were measured 

using the Solidworks evaluation toolset, where: 

𝐀𝐜𝐞𝐥𝐥 = 𝟗𝟕. 𝟐𝟐𝟎𝐱𝟏𝟎−𝟔𝒎𝟐 

𝐩𝐜𝐞𝐥𝐥 = 𝟓𝟖. 𝟓𝟒𝟎𝐱𝟏𝟎−𝟑𝒎 

This was then used to calculate the new hydraulic diameter for a singular modified 

cell. Since the hydraulic diameter is defined as four times the area of a passage 

divided by the wetted perimeter [35], Eq. 5.1 was used to determine the new 

hydraulic diameter for the adjusted cells. 

 
𝑫𝒉 =

𝟒(𝑨)

𝒑
 Eq. 5.1 

Where: 

𝑫𝒉 = 𝒉𝒚𝒅𝒓𝒂𝒖𝒍𝒊𝒄 𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓 
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𝐀𝐜𝐞𝐥𝐥 = 𝟗𝟕. 𝟐𝟐𝟎𝐱𝟏𝟎−𝟔𝒎𝟐 

𝒑 =  𝟓𝟖. 𝟓𝟒𝟎𝐱𝟏𝟎−𝟑𝒎 

Thus: 

𝑫𝒉 =
𝟒(𝟗𝟕. 𝟐𝟐𝟎𝐱𝟏𝟎−𝟔)

𝟓𝟖. 𝟓𝟒𝟎𝐱𝟏𝟎−𝟑
 

𝑫𝒉 = 𝟔. 𝟔𝟒𝟑 𝐱𝟏𝟎−𝟑 𝒎 

Per-passage free-flow areas 

By expanding the CAD model to the driving dimensions of the hot (L2) and cold 

(L1) side passages, as listed in Table 4, the total number of cells across the hot 

and cold side cells could be calculated. Due to the individual cells having a vertical 

height of 10 mm, the expanded model consisted of 22 cells across the hot side and 

nine cells across the cold side (Figure 44).  

 

Figure 44: Full-size L1 and L2 expanded model 

© Central University of Technology, Free State



 

62 | P a g e  

To determine the free-flow area for a single passage of the hot side, the measured 

free-flow area of a single cell was multiplied by the total number of cells across the 

hot side via Eq. 5.2. 

 𝑨𝒇𝒉,𝒑
= 𝑨𝒄𝒆𝒍𝒍 ∗ 𝑵𝒄𝒆𝒍𝒍𝒔 Eq. 5.2 

𝐀𝐟𝐡,𝐩
= 𝟗𝟕. 𝟐𝟐𝟎𝐱𝟏𝟎−𝟔 ∗ 𝟐𝟐 

𝐀𝐟𝐡,𝐩
= 𝟐. 𝟏𝟑𝟗𝐱𝟏𝟎−𝟑𝒎𝟐 

Similarly, to determine the free-flow area for a single passage of the cold side, the 

passage area for a single cell was multiplied by the total number of cells across 

the cold side via Eq. 5.3. 

 𝑨𝒇𝒄,𝒑
= 𝑨𝒄𝒆𝒍𝒍 ∗ 𝑵𝒄𝒆𝒍𝒍𝒔 Eq. 5.3 

𝐀𝐟𝐜,𝐩
= 𝟗𝟕. 𝟐𝟐𝟎𝐱𝟏𝟎−𝟔 ∗ 𝟗 

𝐀𝐟𝐜,𝐩
= 𝟎. 𝟖𝟕𝟓𝐱𝟏𝟎−𝟑𝒎𝟐 

Number of parallel passages 

To determine the overall width of the design, Eq. 5.4 – the method provided by 

Shah and Sekulic [35] was utilised to obtain the optimal number of passages 

needed to fulfil the area requirements. 

 
𝑵𝑷 =

𝑳𝟑 − 𝒃𝒄 + 𝟐𝜹𝒘

𝒃𝒉 + 𝒃𝒄 + 𝟐𝜹𝒘
 Eq. 5.4 

Where: 

𝑵𝑷 = 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒑𝒂𝒓𝒂𝒍𝒍𝒆𝒍 𝒑𝒂𝒔𝒔𝒂𝒈𝒆𝒔 

𝑳𝟑 = 𝟐𝟐𝟎𝐱𝟏𝟎−𝟑𝒎 = 𝒄𝒆𝒍𝒍 𝒕𝒊𝒍𝒆 𝒘𝒊𝒅𝒕𝒉 

𝒃𝒉 = 𝟏𝟐𝐱𝟏𝟎−𝟑𝒎 = 𝒉𝒐𝒕 𝒔𝒊𝒅𝒆 𝒄𝒆𝒍𝒍 𝒘𝒊𝒅𝒕𝒉 

𝒃𝒄 = 𝟏𝟐𝐱𝟏𝟎−𝟑𝒎 = 𝒉𝒐𝒕 𝒔𝒊𝒅𝒆 𝒄𝒆𝒍𝒍 𝒘𝒊𝒅𝒕𝒉 

𝜹𝒘 = 𝟐𝐱𝟏𝟎−𝟑𝒎 = 𝒅𝒊𝒗𝒊𝒅𝒊𝒏𝒈 𝒘𝒂𝒍𝒍 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔 

Thus: 

𝑵𝑷 =
𝟐𝟐𝟎𝐱𝟏𝟎−𝟑 − 𝟏𝟐𝐱𝟏𝟎−𝟑 + 𝟐(𝟐𝐱𝟏𝟎−𝟑)

𝟏𝟐𝐱𝟏𝟎−𝟑 + 𝟏𝟐𝐱𝟏𝟎−𝟑 + 𝟐
 

𝑵𝑷,𝒉 = 𝟕. 𝟓𝟕𝟏 = 𝟖 𝒑𝒂𝒔𝒔𝒂𝒈𝒆𝒔 
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Shah and Sekulic recommended that the total number of passages on the hot side 

of the heat exchanger be rounded up to an even number, which resulted in the 

actual width (L3) of the final heat exchanger being slightly wider than the initial 

estimate of 220 mm. The maximum width of the design was increased to 

accommodate this change. To reduce the potential heat wasted to the atmosphere 

from an exposed hot side passage, an additional cold side channel was added to 

close off the heat exchanger.  

 𝑵𝑷,𝒄 = 𝑵𝑷,𝒉 + 𝟏 Eq. 5.5 

Thus, the total number of cold side passages was: 

𝑵𝑷,𝒄 = 𝟖 + 𝟏 = 𝟗 

Having obtained the total number of passages across the hot and cold sides of the 

heat exchanger, the model displayed in Figure 44 was expanded to full size, as 

seen in Figure 45 . 

 

Figure 45: Full-size L1, L2, and L3 expanded model 
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Full-size free-flow areas 

To obtain the total free-flow areas of the hot and cold side for the full-size design, 

the per-passage free-flow area was multiplied by the number of passages in the 

mesh.  

 𝐀𝐟 = 𝐀𝐟𝐩
∗ 𝑵𝑷 Eq. 5.6 

From the previous heading, the number of passages for the hot side was 

determined to be eight, while the number of cold passages was found to be nine. 

Thus: 

𝐀𝐟𝐜
= 𝟎. 𝟖𝟕𝟓𝐱𝟏𝟎−𝟑 ∗ 𝟗 = 𝟕. 𝟖𝟕𝟓𝒙𝟏𝟎−𝟑𝒎𝟐 

And: 

𝐀𝐟𝐡
= 𝟐. 𝟏𝟑𝟗𝐱𝟏𝟎−𝟑 ∗ 𝟖 = 𝟏𝟕. 𝟏𝟏𝟐𝐱𝟏𝟎−𝟑𝒎𝟐 

Full-size heat exchanger design 

Having obtained the size and shape of the heat exchanger for the single pass in 

Figure 45, by expanding the CAD to include the three individual passes, the results 

are shown in Figure 46. 

 

Figure 46: Three-pass full-size heat exchanger 
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Full-size heat transfer analysis 

Due to the iterative design process, which requires many repeating calculations, 

the individual formulas are presented in order of usage, accompanied by notes to 

guide the reader through the process. The repeating calculations were conducted 

using an Excel spreadsheet, and the results obtained from the process are 

displayed in table form. The unprocessed theoretical calculations are included for 

review in Appendix 1.  

Hot side frontal area 

To calculate the total frontal area of the hot side of the core, the hot side cell height 

L2 was multiplied by the estimated passage tile width L3, as shown in Eq. 5.7. 

 𝑨𝒇𝒓𝒉
= 𝑳𝟐𝑳𝟑 Eq. 5.7 

Where: 

𝑨𝒇𝒓_𝒉 = 𝒇𝒓𝒐𝒏𝒕𝒂𝒍 𝒂𝒓𝒆𝒂 𝒐𝒇 𝒉𝒐𝒕 𝒔𝒊𝒅𝒆 

𝑳𝟐 = 𝒉𝒐𝒕 𝒔𝒊𝒅𝒆 𝒄𝒆𝒍𝒍 𝒉𝒆𝒊𝒈𝒉𝒕 

𝑳𝟑 = 𝒄𝒆𝒍𝒍 𝒕𝒊𝒍𝒆 𝒘𝒊𝒅𝒕𝒉 

Cold side frontal area 

Similarly, to calculate the frontal area of the core, the cold side passage height L1 

was multiplied by the passage tile width L3, displayed as Eq. 5.8. 

 𝑨𝒇𝒓𝒄
= 𝑳𝟏𝑳𝟑 Eq. 5.8 

Where: 

𝑨𝒇𝒓_𝒄 = 𝒇𝒓𝒐𝒏𝒕𝒂𝒍 𝒂𝒓𝒆𝒂 𝒐𝒇 𝒄𝒐𝒍𝒅 𝒔𝒊𝒅𝒆 

𝑳𝟏 = 𝒄𝒐𝒍𝒅 𝒔𝒊𝒅𝒆 𝒄𝒆𝒍𝒍 𝒉𝒆𝒊𝒈𝒉𝒕 

𝑳𝟑 = 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 𝒕𝒊𝒍𝒆 𝒘𝒊𝒅𝒕𝒉 

Hot side passage volume 

To calculate the passage volume of the hot side, Eq. 5.9, as derived by [35], was 

used. 

 𝑽𝒑𝒉
= 𝑳𝟏𝑳𝟐(𝒃𝒉𝑵𝒑) Eq. 5.9 

Where: 

𝑽𝒑𝒉
= 𝒉𝒐𝒕 𝒔𝒊𝒅𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 𝒗𝒐𝒍𝒖𝒎𝒆 
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𝑳𝟏 = 𝒄𝒐𝒍𝒅 𝒔𝒊𝒅𝒆 𝒄𝒆𝒍𝒍 𝒉𝒆𝒊𝒈𝒉𝒕 

𝑳𝟐 = 𝒉𝒐𝒕 𝒔𝒊𝒅𝒆 𝒄𝒆𝒍𝒍 𝒉𝒆𝒊𝒈𝒉𝒕 

𝒃𝒉 = 𝒉𝒐𝒕 𝒔𝒊𝒅𝒆 𝒄𝒆𝒍𝒍 𝒘𝒊𝒅𝒕𝒉 

𝑵𝑷 = 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒑𝒂𝒓𝒂𝒍𝒍𝒆𝒍 𝒑𝒂𝒔𝒔𝒂𝒈𝒆𝒔 

Cold side passage volume 

To calculate the passage volume of the cold side, Eq. 5.10 was used. In 

accordance with example 9.1 from Shah and Sekulic [35], the cold side was 

assumed to have an extra passage added to cap off the heat exchanger. 

 𝑽𝒑𝒄
= 𝑳𝟏𝑳𝟐𝒃𝒄(𝑵𝒑 + 𝟏) Eq. 5.10 

Where: 

𝑽𝒑𝒄
= 𝒄𝒐𝒍𝒅 𝒔𝒊𝒅𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 𝒗𝒐𝒍𝒖𝒎𝒆 

𝑳𝟏 = 𝒄𝒐𝒍𝒅 𝒔𝒊𝒅𝒆 𝒄𝒆𝒍𝒍 𝒉𝒆𝒊𝒈𝒉𝒕 

𝑳𝟐 = 𝒉𝒐𝒕 𝒔𝒊𝒅𝒆 𝒄𝒆𝒍𝒍 𝒉𝒆𝒊𝒈𝒉𝒕 

𝒃𝒄 = 𝒄𝒐𝒍𝒅 𝒔𝒊𝒅𝒆 𝒄𝒆𝒍𝒍 𝒘𝒊𝒅𝒕𝒉 

𝑵𝑷 = 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒑𝒂𝒓𝒂𝒍𝒍𝒆𝒍 𝒑𝒂𝒔𝒔𝒂𝒈𝒆𝒔 

Heat transfer areas 

To calculate the available heat transfer areas for the hot and cold sides, the total 

transfer area to volume ratio (𝛽), obtained from the surface geometry tables, was 

multiplied with the passage volumes via Eq. 5.11. 

 𝑨𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 = 𝜷𝑽𝒑 Eq. 5.11 

Where: 

𝑨𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 =  𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒆𝒓 𝒂𝒓𝒆𝒂 

𝜷 = 𝒕𝒐𝒕𝒂𝒍 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒂𝒓𝒆𝒂 𝒕𝒐 𝒗𝒐𝒍𝒖𝒎𝒆 𝒓𝒂𝒕𝒊𝒐  

𝑽𝒑 = 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 𝒗𝒐𝒍𝒖𝒎𝒆 

Hot side free-flow area 

Ordinarily, the free-flow areas for the hot and cold sides of the heat exchanger 

would be calculated using Eq. 5.12 [35]. However, due to the required 
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modifications to the cells, the new hydraulic diameter and free-flow areas were 

recalculated. 

 
𝑨𝒐 =

𝑫𝒉𝑨

𝟒𝑳
 Eq. 5.12 

Where: 

𝑨𝒐 = 𝒇𝒓𝒆𝒆 𝒇𝒍𝒐𝒘 𝒂𝒓𝒆𝒂  

𝑫𝒉 = 𝒉𝒚𝒅𝒓𝒂𝒖𝒍𝒊𝒄 𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓 

𝑨 = 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒂𝒓𝒆𝒂 

𝑳𝟏 = 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 𝒍𝒆𝒏𝒈𝒕𝒉 

Heat transfer ratio 

To calculate the new free heat transfer ratio for the hot and cold sides, the free-

flow areas were divided by the frontal areas using Eq. 5.13. 

 
𝝈 =

𝑨𝒐

𝑨𝒇𝒓
 Eq. 5.13 

Where: 

𝝈 = 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒆𝒓 𝒓𝒂𝒕𝒊𝒐 

𝑨𝒐 = 𝒇𝒓𝒆𝒆 𝒇𝒍𝒐𝒘 𝒂𝒓𝒆𝒂  

𝑨𝒇𝒓 = 𝒇𝒓𝒐𝒏𝒕𝒂𝒍 𝒂𝒓𝒆𝒂  

Heat capacity rate ratio 

To calculate the heat capacity rates of the hot and cold side fluids, the specific heat 

capacity of the fluids was multiplied by their relevant mass flow rates using Eq. 

5.14. 

 𝑪 = 𝒎̇𝒄𝒑 Eq. 5.14 

To obtain the heat capacity rate ratio between the hot and cold side fluids, Eq. 5.15 

was used, where 𝐶𝑚𝑖𝑛 is the heat transfer capacity of the cold fluid and 𝐶𝑚𝑎𝑥 is the 

heat transfer capacity of the hot fluid. 

 
𝑪𝒓 =

𝑪𝒎𝒊𝒏

𝑪𝒎𝒂𝒙 
 Eq. 5.15 
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Where: 

𝑪𝒓 = 𝒉𝒆𝒂𝒕 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒓𝒂𝒕𝒊𝒐 

𝒄𝒑 = 𝒔𝒑𝒆𝒄𝒊𝒇𝒊𝒄 𝒉𝒆𝒂𝒕 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 

𝒎̇ = 𝒎𝒂𝒔𝒔 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆 

𝑪 = 𝒉𝒆𝒂𝒕 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒓𝒂𝒕𝒆 

Air density 

The density of the hot and cold side fluids was necessary for several calculations 

as the working fluid was assumed to be in ideal air conditions, and the ideal gas 

law was rearranged to obtain Eq. 5.16. 

 
𝝆 =

𝑷

𝑹̃𝑻
 

Eq. 5.16 

 

Estimated hot side temperature out 

Using the initial estimated effectiveness in combination with the assumed inlet 

conditions for the heat exchanger, Eq. 5.17, as derived by Shah and Sekulic [35], 

was used to determine the estimated output conditions for the hot side.  

 
𝑻𝒉𝒐

= 𝑻𝒉𝒊
− 𝜺𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅 (

𝑪𝒎𝒊𝒏

𝑪𝒉𝒐𝒕
) (𝑻𝒉𝒊

− 𝑻𝒄𝒊
) Eq. 5.17 

It was assumed that the specific heat capacities for the hot and cold fluids were 

approximate in nature. Note, this step is only applicable to heat exchangers where 

the working fluids across the hot and cold sides of the heat exchanger are the 

same fluid, which in this case is air. Thus, for a heat exchanger where this is not 

applicable, this assumption cannot be made. By applying Eq. 5.14, Eq. 5.17 can 

be rewritten in terms of the mass flow rate as Eq. 5.18. 

 
𝑻𝒉𝒐

= 𝑻𝒉𝒊
− 𝜺𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅 (

𝒎̇𝒎𝒊𝒏

𝒎̇𝒉𝒐𝒕
) (𝑻𝒉𝒊

− 𝑻𝒄𝒊
) Eq. 5.18 

Where: 

𝑻𝒉𝒐
= 𝒉𝒐𝒕 𝒔𝒊𝒅𝒆 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝒐𝒖𝒕𝒍𝒆𝒕 

𝑻𝒉𝒊
= 𝒉𝒐𝒕 𝒔𝒊𝒅𝒆 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝒊𝒏𝒍𝒆𝒕 

𝜺 = 𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 
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Estimated cold side temperature out 

Similarly, Eq. 5.19 [35] was used to calculate the estimated output conditions for 

the cold side of the heat exchanger. 

 
𝑻𝒄𝒐

= 𝑻𝒄𝒊
− 𝜺 (

𝑪𝒎𝒊𝒏

𝑪𝒄𝒐𝒍𝒅
) (𝑻𝒉𝒊

− 𝑻𝒄𝒊
) Eq. 5.19 

And following the same assumptions made for the hot side, Eq. 5.19 was 

rewritten as Eq. 5.20.   

 
𝑻𝒄𝒐

= 𝑻𝒄𝒊
− 𝜺 (

𝒎̇𝒎𝒊𝒏

𝒎̇𝒄𝒐𝒍𝒅
) (𝑻𝒉𝒊

− 𝑻𝒄𝒊
) Eq. 5.20 

Where: 

𝑻𝒄𝒐
= 𝒄𝒐𝒍𝒅 𝒔𝒊𝒅𝒆 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝒐𝒖𝒕𝒍𝒆𝒕 

𝑻𝒄𝒊
= 𝒄𝒐𝒍𝒅 𝒔𝒊𝒅𝒆 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝒊𝒏𝒍𝒆𝒕 

𝜺 = 𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅 𝒆𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒏𝒆𝒔𝒔 

Mean temperature 

Having calculated the outlet temperatures for the hot and cold sides, the arithmetic 

average temperatures for both the hot and cold sides were calculated using Eq. 

5.21 [35]: 

 
𝑻𝒎 =

(𝑻𝒊 − 𝑻𝒐)

𝟐
 Eq. 5.21 

Where: 

𝑻𝒎 = 𝒎𝒆𝒂𝒏 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 

𝑻𝒐 = 𝒐𝒖𝒕𝒍𝒆𝒕 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆  

𝑻𝒊 = 𝒊𝒏𝒍𝒆𝒕 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆  

Fluid properties at the mean temperature 

Due to insufficient information about the condition of the air passing through the 

heat exchanger, an initial estimate was necessary to initiate the iterative process. 

The fluid properties for air at atmospheric temperature, as provided by Holman 

[34], were utilised to obtain the properties of the hot and cold side fluids at the 

calculated mean temperatures. The tables for atmospheric air are presented in 

Table 27 of Appendix 2. Note that for an ideal gas, the dynamic viscosity (𝜇), 

specific heat capacity ( 𝑐𝑝) , and Prandtl number (Pr) are assumed to be 
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independent of pressure; therefore, Table 27 could be used for both the hot and 

cold side fluids [34], [35]. 

Mass velocity 

To obtain the mass velocity of the hot and cold sides, the mass flow rates were 

divided by the relevant free-flow areas via Eq. 5.22. 

 
𝑮 =

𝒎̇

𝑨𝒐
 

Eq. 5.22 

 

Where: 

𝑮 = 𝒎𝒂𝒔𝒔 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 

𝒎̇ = 𝒎𝒂𝒔𝒔 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆 

𝑨𝒐 = 𝒇𝒓𝒆𝒆 𝒇𝒍𝒐𝒘 𝒂𝒓𝒆𝒂 

Reynolds number 

 
𝑹𝒆 =

𝑮𝑫𝒉

𝝁
 

Eq. 5.23 

 

Where: 

𝑹𝒆 = 𝐑𝐞𝐲𝐧𝐨𝐥𝐝𝐬 𝐧𝐮𝐦𝐛𝐞𝐫 

𝑮 = 𝒎𝒂𝒔𝒔 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 

𝑫𝒉 = 𝒉𝒚𝒅𝒓𝒂𝒖𝒍𝒊𝒄 𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓 

𝝁 = 𝒇𝒍𝒖𝒊𝒅 𝒗𝒊𝒔𝒄𝒐𝒔𝒊𝒕𝒚 

Heat transfer coefficient 

Starting with the definition of the Colburn factor and rearranging it with respect to 

the heat transfer coefficient, Eq. 5.24 can be used to obtain the separate heat 

transfer coefficients for both the hot and cold side fluids [35]. Note that the Colburn 

factor (j) is obtained from the lower line on the relevant Kays and London chart, 

shown in Figure 47. 

 
𝒉 =

𝒋𝑮𝒄𝒑

𝑷𝒓
𝟐
𝟑

 Eq. 5.24 

Where: 

𝒉 = 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒄𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕 
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𝑮 = 𝒎𝒂𝒔𝒔 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 

𝑫𝒉 = 𝒉𝒚𝒅𝒓𝒂𝒖𝒍𝒊𝒄 𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓 

𝝁 = 𝒇𝒍𝒖𝒊𝒅 𝒗𝒊𝒔𝒄𝒐𝒔𝒊𝒕𝒚 

𝒋 = 𝑪𝒐𝒍𝒃𝒖𝒓𝒏 𝒇𝒂𝒄𝒕𝒐𝒓 

 

Figure 47: Plain plate-fin surface 5.3 datasheet [34]  

Please note that for the design process of the full size design, the Reynolds number 

for the hot side was slightly higher than the label on Figure 47 indicated despite 

the dataset going well past that point. Thus the J factor for the hot side was 

estimated using the last known Re value as indicated on Figure 47. 
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Fin efficiency 

To estimate the fin parameter (m) of the selected fin type, Eq. 5.25  [35], was used. 

 

𝒎 = (
𝟐𝒉

𝒌𝒇𝜹
(𝟏 +

𝜹

𝒍𝒔
))

𝟏
𝟐

 Eq. 5.25 

To calculate the estimated efficiency of the fins, Eq. 5.26 [35], was used. 

 
𝜼𝒇 =

𝒕𝒂𝒏𝒉 (𝒎𝒍𝒊)

(𝒎𝒍𝒊)
 Eq. 5.26 

Lastly, to estimate the fin parameter (li) of the selected fin type,  Eq. 5.27 [35], was 

used. 

 
𝒍𝒊 =

𝒍𝒔

𝟐
 Eq. 5.27 

Where: 

𝒎 = 𝒇𝒊𝒏 𝒑𝒂𝒓𝒂𝒎𝒆𝒕𝒆𝒓 

𝜹 = 𝒇𝒊𝒏 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔 

𝒍𝒔 = 𝒔𝒕𝒓𝒊𝒑 𝒍𝒆𝒏𝒈𝒕𝒉 

𝒉 = 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒄𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕 

𝜼𝒇 = 𝒇𝒊𝒏 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 

Overall fin efficiency 

To calculate the overall efficiency of the fins, Eq. 5.28,  [35], was used where the 

fin area to total area ratio was obtained from the additional information supplied on 

the relevant Kays and London chart in Figure 47. 

 
𝜼𝒐 = [𝟏 − (𝟏 − 𝒏𝒇) (

𝑨𝒇

𝑨
)] Eq. 5.28 

Where: 

𝜼𝒐 = 𝒐𝒗𝒆𝒓𝒂𝒍𝒍 𝒇𝒊𝒏 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 

𝒏𝒇 = 𝒇𝒊𝒏 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 

𝑨𝒇

𝑨
= 𝒇𝒊𝒏 𝒂𝒓𝒆𝒂 𝒕𝒐 𝒕𝒐𝒕𝒂𝒍 𝒂𝒓𝒆𝒂 𝒓𝒂𝒕𝒊𝒐 
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Dividing wall area 

In order to account for the effect that the dividing walls would have on the thermal 

resistivity of the mesh, the area of the dividing walls was calculated using Eq. 5.29 

[35].    

 𝑨𝒘 = 𝑳𝟏𝑳𝟐(𝟐𝑵𝒑 + 𝟐) Eq. 5.29 

Where: 

𝑨𝒘 = 𝒅𝒊𝒗𝒊𝒅𝒊𝒏𝒈 𝒘𝒂𝒍𝒍 𝒂𝒓𝒆𝒂 

𝑳𝟐 = 𝒉𝒐𝒕 𝒔𝒊𝒅𝒆 𝒄𝒆𝒍𝒍 𝒉𝒆𝒊𝒈𝒉𝒕 

𝑳𝟏 = 𝒄𝒐𝒍𝒅 𝒔𝒊𝒅𝒆 𝒄𝒆𝒍𝒍 𝒉𝒆𝒊𝒈𝒉𝒕 

𝑵𝑷 = 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒑𝒂𝒓𝒂𝒍𝒍𝒆𝒍 𝒑𝒂𝒔𝒔𝒂𝒈𝒆𝒔 

Dividing wall resistance 

Having calculated the area of the dividing walls, the thermal resistivity for the 

selected mesh was calculated via Eq. 5.30 [35]. 

 
𝑹𝒘 =

𝜹𝒘

𝒌𝒘𝑨𝒘
 Eq. 5.30 

Where: 

𝑹𝒘 = 𝒘𝒂𝒍𝒍 𝒓𝒆𝒔𝒊𝒔𝒕𝒂𝒏𝒄𝒆 

𝜹𝒘 = 𝒘𝒂𝒍𝒍 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔 

𝒌𝒘 = 𝒘𝒂𝒍𝒍 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒄𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕 

𝑨𝒘 = 𝒘𝒂𝒍𝒍 𝒓𝒆𝒔𝒊𝒔𝒕𝒂𝒏𝒄𝒆. 

Overall thermal conductance (UA) 

Having calculated all of the unknown variables for the dataset, Eq. 5.31 was used 

to calculate the overall thermal conductance for the selected heat exchanger mesh 

[35]. Note that for this application, fouling resistances were ignored due to a lack 

of information. 

 
𝑼𝑨 = [

𝟏

(𝜼𝒐𝒉𝑨)𝒉
+ 𝑹𝒘 +

𝟏

(𝜼𝒐𝒉𝑨)𝒄
]

−𝟏

 Eq. 5.31 
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Where: 

𝑼𝑨 = 𝒐𝒗𝒆𝒓𝒂𝒍𝒍 𝒕𝒉𝒆𝒓𝒎𝒂𝒍 𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒂𝒏𝒄𝒆 

𝜼𝒐 = 𝒐𝒗𝒆𝒓𝒂𝒍𝒍 𝒇𝒊𝒏 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 

𝒉 = 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒄𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕 

𝑨 = 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒂𝒓𝒆𝒂 

𝑹𝒘 = 𝒘𝒂𝒍𝒍 𝒓𝒆𝒔𝒊𝒔𝒕𝒂𝒏𝒄𝒆 

Number of heat transfer units 

Having calculated the overall UA for the selected mesh, Eq. 5.32 was used to 

calculate the number of transfer units [35]. 

 
𝑵𝑻𝑼 =

𝑼𝑨

𝑪𝒎𝒊𝒏
 Eq. 5.32 

Where: 

𝑵𝑻𝑼 = 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒖𝒏𝒊𝒕𝒔 

𝑼𝑨 = 𝒐𝒗𝒆𝒓𝒂𝒍𝒍 𝒕𝒉𝒆𝒓𝒎𝒂𝒍 𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒂𝒏𝒄𝒆 

𝑪𝒎𝒊𝒏 = 𝒎𝒊𝒏𝒊𝒎𝒖𝒎 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 

Actual effectiveness 

Next, to calculate the expected effectiveness of the heat exchanger, Eq. 5.33 as 

presented by Holman [7], was used, which is applicable to cross-flow heat 

exchangers where both fluids remain unmixed and is therefore applicable to this 

study.  

 
𝜺𝒂𝒄𝒕𝒖𝒂𝒍 = 𝟏 − 𝒆𝒙𝒑 [

𝒆𝒙𝒑(−𝑵𝑻𝑼 ∗ 𝑪𝒓(𝑵𝑻𝑼−𝟎.𝟐𝟐) − 𝟏)

𝑪𝒓 ∗ 𝑵𝑻𝑼−𝟎.𝟐𝟐
]  Eq. 5.33 

Where: 

𝜺 = 𝒉𝒆𝒂𝒕 𝒆𝒙𝒄𝒉𝒂𝒏𝒈𝒆𝒓 𝒆𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒏𝒆𝒔𝒔 

𝑪𝒓 = 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒓𝒂𝒕𝒊𝒐 

𝑵𝑻𝑼 = 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒖𝒏𝒊𝒕𝒔 

 

© Central University of Technology, Free State



 

75 | P a g e  

Heat transfer rate 

Having calculated the actual effectiveness of the heat exchanger, the expected 

heat transfer between the working fluids was calculated using Eq. 5.34 [35]. 

 𝒒̇ = 𝜺𝒂𝒄𝒕𝒖𝒂𝒍(𝑻𝒉𝒊
− 𝑻𝒄𝒊

)𝑪𝒎𝒊𝒏 Eq. 5.34 

Where: 

𝒒̇ = 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒓𝒂𝒕𝒆 

𝑻𝒉𝒊
= 𝒉𝒐𝒕 𝒔𝒊𝒅𝒆 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝒊𝒏𝒍𝒆𝒕 

𝑻𝒄𝒊
= 𝒄𝒐𝒍𝒅 𝒔𝒊𝒅𝒆 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝒊𝒏𝒍𝒆𝒕 

𝑪𝒎𝒊𝒏 = 𝒎𝒊𝒏𝒊𝒎𝒖𝒎 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 

Estimated vs actual effectiveness 

Having calculated the actual effectiveness of the heat exchanger using the 

selected parameters, the actual effectiveness of the proposed heat exchanger was 

compared to the initial estimate. Due to the selected design methodology proposed 

by Shah and Sekulic [35] being based on an iterative process, where the 

effectiveness tends towards the correct value with each iteration, a minimum of 

three iterations would be required to determine the expected effectiveness for the 

full-size heat exchanger. Figure 48 shows how a series of three iterations were 

performed for each pass of the heat exchanger, with the results from each pass 

being used to begin the iterations for the subsequent pass until all unknowns were 

accounted for. 

 

Figure 48: Iterative design process 
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Pressure drop analysis 

After reaching convergence for the effectiveness across all three individual passes, 

the pressure drop analysis process could be completed. To calculate the pressure 

drop across the heat exchanger core, Eq. 5.35 was used  [35]. To account for the 

contraction (𝐾𝑐) and expansion (𝐾𝑒) losses experienced by the air passing though 

the heat exchanger, Figure 49 was used. 

∆𝑷 =
𝑮𝟐

𝟐𝒈𝒄𝝆𝒊

[(𝟏 − 𝝈𝟐 + 𝑲𝒄) + 𝟐 (
𝝆𝒊 

𝝆𝒐

− 𝟏) + 𝒇 (
𝑳

𝒓𝒉

) (
𝝆𝒊

𝝆𝒎

) − (𝟏 − 𝝈𝟐 − 𝑲𝒆) (
𝝆𝒊 

𝝆𝒐

)] Eq. 5.35 

 

Where: 

∆𝒑 = 𝒑𝒓𝒆𝒔𝒔𝒖𝒓𝒆 𝒄𝒉𝒂𝒏𝒈𝒆 

𝑮 = 𝒎𝒂𝒔𝒔 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 

𝒈𝒄 = 𝟏 

𝝆𝒊 = 𝒊𝒏𝒍𝒆𝒕 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 

𝝆𝒐 = 𝒐𝒖𝒕𝒍𝒆𝒕 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 

𝝈 = 𝒉𝒆𝒂𝒕 𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓 𝒓𝒂𝒕𝒊𝒐 

𝑲𝒄 = 𝒄𝒐𝒏𝒕𝒓𝒂𝒄𝒕𝒊𝒐𝒏 𝒑𝒓𝒆𝒔𝒔𝒖𝒓𝒆 𝒍𝒐𝒔𝒔 𝒄𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕 

𝑲𝒆 = 𝒆𝒙𝒑𝒂𝒏𝒔𝒊𝒐𝒏  𝒑𝒓𝒆𝒔𝒔𝒖𝒓𝒆 𝒍𝒐𝒔𝒔 𝒄𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕 

𝒇 = 𝒇𝒂𝒏𝒏𝒊𝒏𝒈 𝒇𝒓𝒊𝒄𝒕𝒊𝒐𝒏 𝒇𝒂𝒄𝒕𝒐𝒓 

𝒓𝒉 = 𝒉𝒚𝒅𝒓𝒂𝒖𝒍𝒊𝒄 𝒓𝒂𝒅𝒊𝒖𝒔 

𝑳 = 𝒍𝒆𝒏𝒈𝒕𝒉 𝒐𝒇 𝒄𝒉𝒂𝒏𝒏𝒆𝒍 
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Figure 49: Entrance and exit pressure loss coefficients [34] 
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5.2 Full-size results 

The estimated heat transfer characteristics of the full-size multi-pass heat 

exchanger were calculated by using the design process previously discussed. Due 

to the vast number of calculations involved in characterising the selected heat 

exchanger, it was decided that Microsoft Excel would be used to perform the 

iterative calculations, with SMath Studio used to verify the individual formulas. 

The results of this iterative design process for the full-size design are displayed in 

Table 6. The complete unprocessed calculations are available in Appendix 1.  

Table 6: Full-size, heat transfer characteristics 

 Pass 1 Pass 2 Pass 3 

Hot side inlet temperature (𝑻𝒉𝒊
) 249.860 °C 236.007 °C 227.064 °C 

Hot side outlet temperature (𝑻𝒉𝒐
) 236.007 °C 227.064 °C 221.318 °C 

Hot side temperature change (𝚫𝑻𝒉) -13.853 °C -8.943 °C -5.746 °C 

  

Cold side inlet temperature (𝑻𝒄𝒊
) 25 °C 92.848 °C 136.338 °C 

Cold side outlet temperature (𝑻𝒄𝒐
) 92.848 °C 136.338 °C 164.124 °C 

Cold side temperature change (𝚫𝑻𝒄) 67.848 °C 43.491 °C 27.786 °C 

    

Heat exchanger effectiveness (ε) 0.302 0.304 0.306 

Heat transfer rate (Q) 11.715 kW 7.546 kW 4.842 kW 

 

Total  

Total hot side temperature change  -28.542 °C 

Total cold side temperature change +139.124 °C 

 

The pressure losses for the hot and cold sides of the full-size design were then 

calculated using Table 6 and Eq. 5.35, which resulted in the data provided in Table 

7. Note that the pressure drop analysis excluded the pipe bending losses and 

external pipe friction, as well as assuming that the hot side passages were 

continuous throughout the length of the design. 
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Table 7: Full-size, pressure drop 

 Pass 1 Pass 2 Pass 3 

Hot side inlet pressure (𝑷𝒉𝒊
) 628.215 kPa N/a N/a 

Hot side outlet pressure (𝑷𝒉𝒐
) 627.683 kPa N/a N/a 

Hot side pressure change (𝚫𝑷𝒉) -532.346 Pa N/a N/a 

  

Cold side inlet pressure (𝑷𝒄𝒊
) 110 kPa 109.525 kPa 108.992 kPa 

Cold side outlet pressure (𝑷𝒄𝒐
) 109.525 kPa 108.992 kPa 108.422 kPa 

Cold side pressure change (𝚫𝑷𝒄) -475.309 Pa -532.206 Pa -470 Pa 

 

Total  

Total hot side pressure change  -532.346 Pa 

Total cold side pressure change -1.557 kPa 

5.3 Single-passage design 

After completing the design process for the full-size design, a single hot side 

passage was extracted from the first pass of the full-size design, as indicated in 

Figure 36. Due to technical limitations with the methodology, two cold side 

passages on either side of the hot passage were required for the process to 

function. 

Single-passage frontal areas 

Starting from Figure 44, the CAD model for the single passage was expanded with 

an additional cold side passage to cap-off the heat exchanger, as indicated in 

Figure 50.  
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Figure 50: Single passage L1, L2, and L3 expanded model 

To calculate the free-flow areas for the hot side of the single-passage design, Eq. 

5.6 was reused where the total number of passages was 1. 

𝐀𝐟𝐡
= 𝐀𝐟𝐩

∗ 𝑵𝑷 

𝐀𝐟𝐡
= 𝟐. 𝟏𝟑𝟗𝐱𝟏𝟎−𝟑 ∗ 𝟏 = 𝟐. 𝟏𝟑𝟗𝐱𝟏𝟎−𝟑𝒎𝟐 

To calculate the free-flow areas for the cold side single-passage design, Eq. 5.6 

was reused where the total number of passages was 2. 

𝐀𝐟𝐜
= 𝐀𝐟𝐩

∗ 𝑵𝑷 

𝐀𝐟𝐜
= 𝟎. 𝟖𝟕𝟓𝐱𝟏𝟎−𝟑 ∗ 𝟐 = 𝟏. 𝟕𝟓𝟎𝒙𝟏𝟎−𝟑𝒎𝟐 

5.4 Single-passage results 

Having calculated the expected performance for the full-size heat exchanger, the 

iterative design process for the full-size design was repeated for the single-

passage design in Figure 50, which consisted of one hot side passage between 

two cold side passages. To retain proportionality with the full-size design, which 

had eight hot side channels, the single-passage segment was assumed to have to 

operate on 1/8th of the mass flow rate of the full-size design. The heat transfer 
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characteristics and pressure losses that were obtained for the single passage are 

set out in Table 8 and Table 9, respectively. 

Table 8: Single passage, heat transfer characteristics 

Pass 1    

Hot side inlet temperature (𝑻𝒉𝒊
)   249.860 °C 

Hot side outlet temperature (𝑻𝒉𝒐
)   234.149 °C 

  

Cold side inlet temperature (𝑻𝒄𝒊
)   25 °C 

Cold side outlet temperature (𝑻𝒄𝒐
)   101.910 °C 

    

Heat exchanger effectiveness (ε)   0.342 

Heat transfer rate (Q)   1.661 kW 

 

Total  

Hot side temperature change  -15.711 °C 

Cold side temperature change +76.910 °C 

 

Table 9: Single passage, pressure drop 

Pass 1    

Hot side inlet pressure (𝑷𝒉𝒊
)   628.215 kPa 

Hot side outlet pressure (𝑷𝒉𝒐
)   627.888 kPa 

  

Cold side inlet pressure (𝑷𝒄𝒊
)   110 kPa 

Cold side outlet pressure (𝑷𝒄𝒐
)   109.841 kPa 

 

Total  

Total hot side pressure change  -327.259 Pa 

Total cold side pressure change -159.390 Pa 
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5.5 Dynamic similarity 

After calculating the expected performance parameters for the single passage, the 

concept of DS and DA could be applied to verify the single-passage design utilising 

a half-scale model. From the research performed by Sánchez-Escalona et al. [37], 

Eq. 5.36 was used to match similarity conditions between the single-passage 

design and the test piece. 

 𝑻𝒄𝒐
− 𝑻𝒄𝒊

𝑻𝒉𝒊
− 𝑻𝒄𝒊

= 𝒇(
𝒎̇𝒉

𝒎𝒄̇
) Eq. 5.36 

To meet the conditions required for DS between the single passage and test piece, 

geometric, kinematic, and DS conditions had to be determined. To complete the 

requirements for geometric similarity between the single-passage and the test-

piece designs for both hot and cold sides, the test piece had to be scaled down by 

a constant scale factor. Note the scale factor must be squared to account for the 

reduction in area, which results in Eq. 5.37. 

 𝑨𝒇_𝑻𝒆𝒔𝒕  𝒑𝒊𝒆𝒄𝒆 = 𝑨𝒇_𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 ∗ (𝑺𝑭)𝟐 Eq. 5.37 

Where: 

𝑨𝒇_𝑻𝒆𝒔𝒕  𝒑𝒊𝒆𝒄𝒆 = 𝒇𝒓𝒆𝒆 𝒇𝒍𝒐𝒘 𝒂𝒓𝒆𝒂 𝒐𝒇 𝒕𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆  

𝑨𝒇_𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 = 𝒇𝒓𝒆𝒆 𝒇𝒍𝒐𝒘 𝒂𝒓𝒆𝒂 𝒐𝒇 𝒔𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 

𝑺𝑭 = 𝒔𝒄𝒂𝒍𝒆 𝒇𝒂𝒄𝒕𝒐𝒓 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕 

To complete the requirements for kinematic similarity between the prototype and 

the test piece for both hot and cold sides, the velocities of the air passing through 

the heat exchanger were similarly scaled down by the same scale factor.  

 𝒗𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = 𝒗𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 ∗ 𝑺𝑭 Eq. 5.38 

Where: 

𝒗𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 𝒐𝒇 𝒂𝒊𝒓 𝒕𝒉𝒓𝒐𝒖𝒈𝒉 𝒕𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆  

𝒗𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 = 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 𝒐𝒇 𝒂𝒊𝒓 𝒕𝒉𝒓𝒐𝒖𝒈𝒉 𝒔𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 

Lastly, to meet the requirements for DS between the single-passage design and 

the test piece, complete proportionality of internal forces was required. However, 

it was found that complete DS was not possible while fulfilling Eq. 5.38 because it 

would result in the required pressure of the cold side falling below atmospheric 

pressure and would need to be tested in a partial vacuum. Fortunately, having 
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achieved geometric and kinematic similarity, partial DS could be achieved, which 

allowed for testing to continue. 

Testing conditions 

Starting with the specifications for the single-passage data obtained from the prior 

calculations presented in Table 10, the experimental conditions for the testing 

procedure could be calculated. 

Table 10: Single-passage data 

 Hot side Cold side 

Inlet density (ρ) 4.184 𝑘𝑔/𝑚3 1.184 𝑘𝑔/𝑚3 

Mass flow rate (𝒎̇) 102.375𝑥10−3 𝑘𝑔/𝑠 21.417𝑥10−3 𝑘𝑔/𝑠 

Free flow area (A) 2.139𝑥10−3 𝑚2 1.750𝑥10−3 𝑚2 

Inlet temperature (𝑻𝒊) 522.860 °𝐶 298.000 °𝐶 

Outlet temperature (𝑻𝒐) 507.149 °𝐶 374.910 °𝐶 

Single-passage velocities 

Having calculated the mass flow rate, free-flow area, and inlet densities for both 

the hot and cold sides of the single-passage design, the velocity of the air across 

the hot and cold sides were approximated using Eq. 5.30. 

 
𝒗 =

𝒎̇

𝑨𝒇 ∗ 𝝆
 Eq. 5.39 

Where the velocity for the hot side fluid: 

(𝒗𝒉)𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 =
𝒎̇𝒉

𝑨𝒇𝒉 ∗ 𝝆𝒉
 

(𝒗𝒉)𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 =
𝟏𝟎𝟐. 𝟑𝟕𝟓𝒙𝟏𝟎−𝟑 

𝟐. 𝟏𝟑𝟗𝒙𝟏𝟎−𝟑 ∗ 𝟒. 𝟏𝟖𝟒
 

(𝒗𝒉)𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 = 𝟏𝟏. 𝟒𝟑𝟗 𝒎/𝒔 

And the velocity for the cold side fluid: 

(𝒗𝒄)𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 =
𝒎̇𝒄

𝑨𝒐𝒄
∗ 𝝆𝒄

 

(𝒗𝒄)𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 =
𝟐𝟏. 𝟒𝟏𝟕𝒙𝟏𝟎−𝟑

𝟏. 𝟕𝟓𝟎𝒙𝟏𝟎−𝟑  ∗ 𝟏. 𝟏𝟖𝟒 
 

(𝒗𝒄)𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 = 𝟏𝟎. 𝟑𝟑𝟔 𝒎/𝒔 
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Test piece velocities 

Having calculated the velocities for the single-passage design, Eq. 5.38 was used 

to calculate the velocities of the hot and cold fluids through the test piece. 

Where the velocity for the hot side fluid: 

(𝒗𝒉)𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = (𝒗𝒉)𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 ∗ 𝑺𝑭 

(𝒗𝒉)𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = 𝟏𝟏. 𝟒𝟑𝟗 ∗ 𝟎. 𝟓 

(𝒗𝒉)𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = 𝟓. 𝟕𝟏𝟗 𝒎/𝒔 

And the velocity for the cold side fluid: 

(𝒗𝒄)𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = (𝒗𝒉)𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆 ∗ 𝑺𝑭 

(𝒗𝒄)𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = 𝟏𝟎. 𝟑𝟑𝟔 ∗ 𝟎. 𝟓 

(𝒗𝒄)𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = 𝟓. 𝟏𝟔𝟖 𝒎/𝒔 

Test piece free-flow areas 

To calculate the new free-flow areas of the test piece, Eq. 5.37 was used. 

Where the free-flow area of the hot side was: 

(𝑨𝒇𝒉
)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
= (𝑨𝒇𝒉

)
𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆

∗ (𝑺𝑭)𝟐 

(𝑨𝒇𝒉
)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
= 𝟐. 𝟏𝟑𝟗𝒙𝟏𝟎−𝟑 ∗ (𝟎. 𝟓)𝟐 

(𝑨𝒇𝒉
)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
= 𝟓𝟑𝟒. 𝟕𝟓𝟎𝒙𝟏𝟎−𝟔 𝒎𝟐 

And the free-flow area across the cold side was: 

(𝑨𝒇𝒄
)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
= (𝑨𝒇𝒄

)
𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆

∗ (𝑺𝑭)𝟐 

(𝑨𝒇𝒄
)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
= 𝟏, 𝟕𝟓𝟎𝒙𝟏𝟎−𝟑 ∗ (𝟎. 𝟓)𝟐 

(𝑨𝒇𝒄
)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
= 𝟒𝟑𝟕. 𝟓𝒙𝟏𝟎−𝟔 𝒎𝟐 
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Test piece volumetric flow rates 

After calculating the velocities of the hot and cold side fluids alongside the free-

flow areas, the required volumetric flow rates were calculated using Eq. 5.40. 

 𝑽𝑶𝑳̇ = 𝑨 ∗ 𝒗 Eq. 5.40 

Where: 

𝑽𝑶𝑳̇ = 𝒗𝒐𝒍𝒖𝒎𝒆𝒕𝒓𝒊𝒄 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆 

𝑨 = 𝒇𝒓𝒆𝒆 𝒇𝒍𝒐𝒘 𝒂𝒓𝒆𝒂 

𝒗 = 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 

Thus, the volumetric flow rate of the hot side: 

(𝑽𝑶𝑳̇ 𝒉)
𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆

= (𝑨𝒇𝒉
∗ 𝒗𝒄)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
 

(𝑽𝑶𝑳𝒉
̇ )

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
= 𝟓𝟑𝟒. 𝟕𝟓𝟎𝒙𝟏𝟎−𝟔 ∗ 𝟓. 𝟕𝟏𝟗 

(𝑽𝑶𝑳𝒉
̇ )

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
= 𝟑. 𝟎𝟓𝟖𝒙𝟏𝟎−𝟑 𝒎𝟑/𝒔 

And the volumetric flow rate of the cold side: 

(𝑽𝑶𝑳̇ 𝒄)
𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆

= (𝑨𝒇𝒄
∗ 𝒗𝒄)

𝑻𝒆𝒔𝒕−𝑷𝒊𝒆𝒄𝒆
 

(𝑽𝑶𝑳𝒄
̇ )

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
= 𝟒𝟑𝟕. 𝟓𝒙𝟏𝟎−𝟔 ∗ 𝟓. 𝟏𝟔𝟖 

(𝑽𝑶𝑳𝒄
̇ )

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
= 𝟐. 𝟐𝟔𝟏𝒙𝟏𝟎−𝟑 𝒎𝟑/𝒔 

Test piece mass flow rates 

To obtain the mass flow rates on the hot and cold sides for the test piece, while 

fulfilling the requirements for Eq. 5.36, the ratio between the mass flow rates across 

the hot and cold sides should remain proportional to one another, as displayed in 

Eq. 5.41. 

 
(

𝒎̇𝒉

𝒎̇𝒄
)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆

= (
𝒎̇𝒉

𝒎̇𝒄
)

𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆

 Eq. 5.41 

Where: 

𝒎̇ = 𝒎𝒂𝒔𝒔 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆 

By assuming the pressure of the air passing through the cold side was open to 

atmosphere and was supplied at a starting temperature of 17 °C for this iteration, 
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the density of the cold side fluid could be calculated using the ideal gas law Eq. 

5.16. 

𝑷 = 𝝆𝑹̃𝑻 

𝝆 =
𝑷

𝑹̃𝑻𝒄,𝒊

 

𝝆 =
𝟏𝟎𝟏. 𝟑𝟐𝟓𝒙𝟏𝟎𝟑

𝟐𝟖𝟕. 𝟎𝟒 ∗ 𝟐𝟗𝟎
 

𝝆 = 𝟏. 𝟐𝟏𝟔 𝒌𝒈/𝒎𝟑 

Thus, the required mass flow rate for the cold side fluid through the test piece could 

be calculated using Eq. 5.42.   

 
(𝒎𝒄̇ )𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = (𝑨𝒄𝒗𝒄𝝆𝒄)𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 Eq. 5.42 

(𝒎𝒄̇ )𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = 𝟒𝟑𝟕. 𝟓𝒙𝟏𝟎−𝟔 ∗ 𝟓. 𝟏𝟔𝟖 ∗ 𝟏. 𝟐𝟏𝟔  

(𝒎𝒄̇ )𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = 𝟐. 𝟕𝟒𝟗𝒙𝟏𝟎−𝟑 𝒌𝒈/𝒔   

Having calculated the mass flow rate for the air passing through the cold side of 

the test piece, Eq. 5.41 and Table 10 were then used to obtain the required mass 

flow rate through the hot side.  

(
𝒎̇𝒉

𝒎̇𝒄
)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆

= (
𝒎̇𝒉

𝒎̇𝒄
)

𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆

 

(
𝒎̇𝒉

𝟐. 𝟕𝟒𝟗𝒙𝟏𝟎−𝟑 
)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
= (

𝟏𝟎𝟐. 𝟑𝟕𝟓𝒙𝟏𝟎−𝟑

𝟐𝟏. 𝟒𝟏𝟕𝒙𝟏𝟎−𝟑 )
𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆

 

(𝒎̇𝒉)𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 =
𝟏𝟎𝟐. 𝟑𝟕𝟓𝒙𝟏𝟎−𝟑

𝟐𝟏. 𝟒𝟏𝟕𝒙𝟏𝟎−𝟑
∗ 𝟐. 𝟕𝟒𝟗𝒙𝟏𝟎−𝟑 

(𝒎̇𝒉)𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = 𝟏𝟑. 𝟏𝟒𝟑𝒙𝟏𝟎−𝟑 𝒌𝒈/𝒔   

Test piece testing pressure 

After calculating the mass flow rates for both the hot and cold sides of the test 

piece, the testing pressure for the hot side was required to finalise the testing 

conditions. This was achieved by estimating the density of air passing through the 

hot side of the test piece under the required mass flow rate via                   Eq. 5.43. 
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(𝝆𝒉)𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = (

𝒎𝒉̇

𝑨𝒉𝒗𝒉
)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆

 Eq. 5.43 

(𝝆𝒉)𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = (
𝟏𝟑. 𝟏𝟒𝟑𝒙𝟏𝟎−𝟑

𝟓𝟑𝟒. 𝟕𝟓𝟎𝒙𝟏𝟎−𝟔 ∗ 𝟓. 𝟕𝟏𝟗
) 

(𝝆𝒉)𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆 = 𝟒. 𝟐𝟗𝟕 𝒌𝒈/𝒎𝟑 

By using Eq. 5.16, the required testing pressure for the hot side of the test piece 

was then calculated. For this specific measurement, the temperature of the air 

entering the hot side of the test piece (𝑇ℎ,𝑖 ) was assumed to be 30 °C at the 

entrance since that was the lowest value expected during testing due to the 

concerns that the temperature gauges on the test bench would not be able to 

measure lower temperatures accurately. The variable 𝑇ℎ,𝑖 would then be changed 

as needed for each calculation to match the required temperature target. 

𝑷𝒉,𝒊 = 𝝆𝑹̃𝑻𝒉,𝒊 

𝑷𝒉,𝒊 = 𝟒. 𝟐𝟗𝟕 ∗ 𝟐𝟖𝟕. 𝟎𝟒 ∗ 𝟑𝟎𝟑°𝑲 

𝑷𝒉,𝒊 = 𝟑𝟕𝟑. 𝟕𝟐𝟑𝒙𝟏𝟎𝟑 𝑷𝒂 

Expected performance 

Having fulfilled all the requirements for Eq. 5.36, the expected heat transfer 

capacity for the test piece was estimated using Eq. 5.44.  

 
(

𝑻𝒄,𝒐 − 𝑻𝒄,𝒊

𝑻𝒉,𝒊 − 𝑻𝒄,𝒊
)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆

= (
𝑻𝒄,𝒐 − 𝑻𝒄,𝒊

𝑻𝒉,𝒊 − 𝑻𝒄,𝒊
)

𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆

 Eq. 5.44 

(
𝑻𝒄,𝒐 − 𝟐𝟗𝟎

𝟑𝟎𝟑 − 𝟐𝟗𝟎
)

𝑻𝒆𝒔𝒕 𝒑𝒊𝒆𝒄𝒆
= (

𝟑𝟕𝟒. 𝟓𝟎𝟗 − 𝟐𝟗𝟖

𝟓𝟐𝟐. 𝟖𝟔𝟎 − 𝟐𝟗𝟖
)

𝑺𝒊𝒏𝒈𝒍𝒆 𝒑𝒂𝒔𝒔𝒂𝒈𝒆

 

𝑻𝒄,𝒐 = 𝟐𝟗𝟒. 𝟒𝟐𝟑 °𝑲 

Thus, for this dataset, which assumed that the inlet temperature on the hot side 

was 30 °C and the inlet temperature of the cold side was 17 °C, when all similarity 

constraints were met a temperature increase of 21.423 °C was expected across 

the cold side of the heat exchanger. This increase in temperature can then be 

contrasted against the experimental data collected to verify the effectiveness of the 

single-passage design. To vary the dataset, it was determined that each test run 

would require at least eight readings between 30 °C and 120 °C, with the process 
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described in this heading being repeated for each of the selected temperature 

targets. 

5.6 Test piece manufacturing 

After determining the test conditions necessary to achieve DS between the single 

passage and the test piece, the test piece was modelled at a scale of 0.5 factor, 

shown in Figure 51. 

 

Figure 51: Test piece model 

The test piece heat exchanger was then orientated in such a way that the finned 

internal geometry of the core could be printed without any internal supporting 

structures on an EOS M290 LPBF system using EOS brand Ti64 Grade 23 40 µm 

powder. Solid supporting structures were placed on external faces to assist in the 

build process as well as prevent deformation from occurring during heat treatment, 

as illustrated in Figure 52. 

 

Build plate 

Test piece 
Supports 
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Figure 52: Test piece build orientation 

The test piece was successfully manufactured by CRPM, and the internal 

geometry was found to be free of any imperfections or warping during the build 

and heat-treatment processes. For this piece, the heat treatment consisted of 

heating under vacuum at 650 °C for three hours, followed by an immediate 

annealing cycle of 941 °C for two hours. A basic pressure test of the mock-up 

assembly of the as-built test piece found the assembly to be airtight across both 

the hot sides and cold side channels, with the front and side as-built test piece 

without supports shown in Figure 53, the hot side channel in Figure 54, and the 

cold side channels in Figure 55. 

 

Figure 53: Test piece front and side views 

 

Figure 54: Test piece hot side channels 
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Figure 55: Test piece cold side channels 

5.7 Test bench design and assembly 

Based on the manufacture of the test piece, the set of manifolds seen in Figure 56 

were designed and manufactured using nylon and processed on an EOS P110 

Formiga SLS system.  

 

Figure 56: SLS nylon printed manifolds 

However, this choice turned out to be a poor one, as the manufactured nylon 

manifolds experienced a greater degree of deflection than initially anticipated 

based on the data provided in the material datasheets. Consequently, the 

assembly of the test piece failed under the required testing pressures. (Figure 57). 
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Figure 57: SLS test piece assembly mock-up 

New manifolds were designed to bolt over the test piece using 1 mm rubber 

gaskets and were manufactured on a CNC 3-axis milling machine from billet 

aluminium. The resulting manifolds for the hot side are shown in Figure 58, and 

the manifolds for the cold side in Figure 59. 

 

Figure 58: Hot side aluminium manifold 
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Figure 59: Cold side aluminium manifold 

Figure 60 indicates the process of securing the aluminium manifolds onto the test 

piece with the gasket material. 

 

Figure 60: Test piece with manifold assembly 

After successful manufacturing, the final test piece assembly displayed in Figure 

61 was briefly pressure tested up to a pressure ceiling of 800 kPa to ensure there 

were no leaks or cross-contamination between the hot and cold side channels. 
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Figure 61: Test piece manifolds 

Air supply 

The compressed air supply for the test bench was provided by the compressor 

systems at the PDTS, with the compressor network consisting of two primary 

compressors seen in Figure 62 and Figure 63. 

 

Figure 62: Compressor one 
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Figure 63: Compressor two 

The air supply provided by the two compressors was then piped to an aftercooler 

unit and an air dryer (Figure 64), which served to cool down the air supply to 

atmospheric conditions as well as reduce the humidity. 

 

Figure 64: After-cooler unit (left) and air dryer unit (right) 

The air compressor network was able to reliably supply an airflow of 190 l/min at a 

gauge pressure of 400 kPa during minimum load conditions. An issue that arose 

during testing was that, under high-stress conditions, the compressor networks 

would enter a deficit, leading to insufficient air production and draining the tanks. 

To prevent this issue, the testing process was limited to off-peak hours in the 

morning. 
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Test bench 

The completed test bench, which was designed and built in collaboration with 

PDTS, consisted of two separate airflow harnesses capable of independently 

varying pressure, flow rate, and temperature for both the hot and cold sides. 

Temperature and pressure gauges were mounted at the inlets and outlets of the 

hot and cold sides of the test piece, as presented in Figure 65, which shows the 

completed assembly. 

 

Figure 65: Test bench layout 

The hot and cold side airlines were connected to the test piece via the aluminium 

manifolds, which were internally lined with silicone to reduce unwanted heat 

transfer through the manifolds. The test piece assembly, consisting of the test 

piece, aluminium manifolds, and pneumatic tubing, was then tightly wrapped in 

several layers of polyester insulation, as indicated in Figure 66, to prevent heat 

from escaping from the system. Additionally, a series of four thermistors connected 

to digital displays were installed inside the manifolds to assist the user in the 

operation of the test bench. 
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Figure 66: Insulated manifolds 

The hot side of the test bench was stepped down from the 1 MPa compressor 

airline using an inline pressure regulator to the gauge pressure required for each 

individual test, and the flow rate was then limited via two exit flow regulators 

indicated in Figure 67. 

 

Figure 67: Exit flow regulators (right) and inlet pressure regulators (left) 

The cold side of the test bench was allowed to vent into the atmosphere and was 

controlled by adjusting the flow regulator on the cold side flow meter shown in 

Figure 68. 
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Figure 68: Hot and cold side flow meters/regulators 

The hot side airline was heated by passing the pressurised air from the supply 

through a chamber containing a 1 kW air heating element regulated by a 4 kW 

silicon-controlled rectifier (SCR), as indicated in Figure 69. Due to heat escaping 

from the system, the air heating unit was also wrapped in polyester insulation, 

which also helped to prevent the possibility of injury caused by accidentally 

touching the heating chamber. 

 

Figure 69: SCR unit (right) and air heating chamber (left) 
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Initially, the testing process required that the pressure drop across the test piece 

be measured to evaluate results; however, in practice, it was discovered that the 

pressure drop across the test piece was too small to be accurately measured using 

the pressure gauges. Thus, the pressure drop measurements were removed from 

the testing methodology due to the DA methodology only covering temperature 

measurements. During initial testing and calibration, the test bench successfully 

reached a maximum temperature output in excess of 120 °C at the maximum 

testing conditions of 4 bar gauge pressure 190 l/min for the hot side. The cold side 

was ventilated into the atmosphere at a temperature of 17 °C up to a flow rate of 

140 l/min. 

5.8 Chapter summary 

This chapter discussed the process followed to design a full-size multi-pass heat 

exchanger unit using the ε-NTU and Kays and London method. A single-passage 

design was then extracted from the full-size design and a Ti64 test piece was 

designed which would fulfil the requirements to verify the design. Dynamic 

similarity techniques based on dimensionless numbers was then utilised to obtain 

a series of equations which could be used to calculate the experimental testing 

conditions required to verify the test piece.  
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6. CHAPTER 6 

Experimental Results and Discussion 

The aim of this chapter is to highlight the methodology by which the experimental test bench was 

used to match dynamic similarity constraints between the single passage and test piece designs.  

6.1 Testing methodology 

The experimental testing process required that the test bench be capable of 

matching DS constraints between the test piece and single-passage designs for a 

set period. Due to technical challenges experienced with maintaining the 

necessary flow rate for an extended period, a set of eight readings per test run was 

determined to be sufficient to plot the performance characteristics of the test piece. 

Following several trial runs of the test bench on the PDTS compressor system, a 

cool-down period of five minutes was implemented between data readings to 

minimise heat leakage caused by the bolts connecting the hot and cold side 

manifolds. 

The testing procedure for each dataset was as follows: 

1. Compressed air was supplied to both the hot and cold sides. 

2. The required pressure and flow rate through the hot side was set by 

adjusting the input pressure regulator and the outlet flow rate regulators. 

3. The required flow rate at atmospheric pressure through the cold side was 

set by adjusting the inlet flow regulator. 

4. The heating element was powered on and set to the estimated power output 

required to obtain the desired temperature across the hot side. 

5. The test bench was allowed to run uninterrupted for a minimum of 

18 minutes allowing for thermal equilibrium to be reached between the hot 

and cold sides. 

6. Temperature readings across at the inlet and outlets were recorded for both 

the hot and cold sides of the heat exchanger. 

7. Heating element was shut off for five minutes to allow for test piece 

manifolds to cool. 

8. Testing procedure was then repeated for subsequent temperature reading. 
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6.2 Experimental results 

6.2.1 Test scheduling 

Due to the operational needs of the PDTS, all experimental testing was scheduled 

from 8h00 to 13h00 when the compressor network was at minimum draw and the 

air tanks were full. 

6.2.2 Dynamic similarity targets 

Please note that the expected heat transfer across the scaled test piece were 

obtained via the DA process indicated under heading 5.5 and are not obtained 

directly from the design methodology for the full size and single passage heat 

exchanger designs. 

From the DA process explained under heading 5.5, it was found that to match 

similarity constraints between the single-passage design and the test piece, the 

test piece would need to be run at a consistent volumetric flow rate of 184 l/min on 

the hot side, and 136 l/min on the cold side. These parameters remained 

unaffected by either temperature or pressure and remained the same across the 

individual temperature targets for the datasets. However, the pressure of the hot 

side airline was found to be directly affected by temperature, thus the pressure of 

the hot side was recalculated for each measurement based on the temperature 

required for that particular measurement.  

6.2.3 Temperature variance 

Initially, the operating procedure for the test bench required that testing occur in 

increments of 5 °C from 30 °C up to 120 °C. However, in practice it was found to 

be difficult to get precise temperature readings due to the manual adjustments 

required to set the temperature. To counteract this effect, an initial estimate would 

be run at the required flow rates and pressures and the temperature of the hot side 

would be allowed to equalise. The process explained under heading 5.5 would 

then be repeated using the equalised temperatures to obtain the theoretically 

expected heat transfer across the test piece which could be compared to the 

experimentally measured temperature at the outlet of the cold side. 
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6.2.4 Test 1 results 

The first test was performed on the 9th of August 2024 between 08h00 and 13h00. 

The ambient temperature increased from 7.2 °C at 08h00 to 15.3 °C at 13h00. The 

results for the individual measurements recorded in Test 1 are listed in Table 11, 

with the experimental and theoretical cold side outlet temperatures plotted in 

Figure 70. The test proceeded well without any unforeseen issues, with minimum 

draw noted on the compressors, which allowed for steady flow rates and 

temperature readings across measurements.  

  Table 11: Test 1 data 

Measurement number  1 2 3 4 5 6 7 8 

𝑽𝑶𝑳̇ 𝒉 (l/min) 184 184 184 184 184 184 184 184 

𝑽𝑶𝑳̇ 𝒄 (l/min) 136 136 136 136 136 136 136 136 

𝑷𝒉,𝒊 (𝐠𝐚𝐮𝐠𝐞) (bar) 2.913 2.987 3.073 3.271 3.382 3.505 3.579 3.702 

𝑻𝒉,𝒊 (C°) 46 52 59 75 84 94 100 110 

𝑻𝒉,𝒐 (C°) 41 46 52 65 73 81 87 97 

𝑻𝒄,𝒊 (C°) 17 17 17 17.5 17.5 17.5 18 18.5 

𝑻𝒄,𝒐 (𝐄𝐱𝐩𝐞𝐫𝐢𝐦𝐞𝐧𝐭𝐚𝐥) (C°)  27 28.5 31.5 36.5 39.5 43.5 46 50 

𝑻𝒄,𝒐 (𝐓𝐡𝐞𝐨𝐫𝐞𝐭𝐢𝐜𝐚𝐥)  (C°)  26.867 28.909 31.290 37.064 40.127 43.529 45.900 49.633 

% Error -0.49% 1.41% -0.67% 1.52% 1.56% 0.07% -0.22% -0.74% 

 

Figure 70: Test 1, cold side outlet temperature vs hot side inlet temperature 
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6.2.5 Test 2 results 

The second test was performed on the 12th of August 2024 between 09h00 and 

13h00.  The ambient temperature increased from 11.4 °C at 09h00 to 17.8°C at 

13h00. The results for the individual measurements recorded in Test 2 are set out 

in Table 12, with the experimental and theoretical cold side outlet temperatures 

plotted in Figure 71. 

Following completion of the test, it was discovered that the muffler unit used to 

reduce the noise emitted by the test bench had malfunctioned and was preventing 

the exhaust heat from being correctly expelled. The malfunctioning muffler was 

subsequently repaired and testing resumed. 

 Table 12: Test 2 data 

Measurement number  1 2 3 4 5 6 7 8 

𝑽𝑶𝑳̇ 𝒉 (l/min) 184 184 184 184 184 184 184 184 

𝑽𝑶𝑳̇ 𝒄 (l/min) 136 136 136 136 136 136 136 136 

𝑷𝒉,𝒊 (𝐠𝐚𝐮𝐠𝐞) (bar) 2.740 2.950 3.135 3.258 3.332 3.419 3.456 3.517 

𝑻𝒉,𝒊 (C°) 32 49 64 74 80 87 90 95 

𝑻𝒉,𝒐 (C°) 31 44.5 56 65.5 70 77 80 84 

𝑻𝒄,𝒊 (C°) 18 18 18 18 18 18.5 19 19 

𝑻𝒄,𝒐 (𝐄𝐱𝐩𝐞𝐫𝐢𝐦𝐞𝐧𝐭𝐚𝐥) (C°)  24 30 35 38.5 41 43.5 45 46.54 

𝑻𝒄,𝒐 (𝐓𝐡𝐞𝐨𝐫𝐞𝐭𝐢𝐜𝐚𝐥)  (C°)  22.763 28.548 33.651 37.054 39.095 41.807 43.158 44.859 

% Error -5.43% -5.09% -4.01% -3.90% -4.87% -4.05% -4.27% -3.75% 

 

Figure 71: Test 2, cold side outlet temperature vs hot side inlet temperature 
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6.2.6 Test 3 results 

The third test was performed on the 13th of August 2024 between 07h30 and 

13h00. The ambient temperature increased from 8.8 °C at 07h30 to 21.8 °C at 

13h00. The results for the individual measurements recorded in Test 3 are 

recorded in Table 13, with the experimental and theoretical cold side outlet 

temperatures plotted in Figure 72. 

During the test, fluctuations in the temperature of the compressors’ air were noted 

compared to the previous two tests due to high airflow consumption from PDTS 

manufacturing equipment. 

Table 13: Test 3 data 

Measurement number  1 2 3 4 5 6 7 8 

𝑽𝑶𝑳̇ 𝒉 (l/min) 184 184 184 184 184 184 184 184 

𝑽𝑶𝑳̇ 𝒄 (l/min) 136 136 136 136 136 136 136 136 

𝑷𝒉,𝒊 (𝐠𝐚𝐮𝐠𝐞) (bar) 2.777 2.864 2.993 3.147 3.221 3.345 3.456 3.665 

𝑻𝒉,𝒊 (C°) 35 42 52.5 65 71 81 90 107 

𝑻𝒉,𝒐 (C°) 32 39 47 57 63 71 80 94 

𝑻𝒄,𝒊 (C°) 17 17 17.5 18 18 18 18.5 19 

𝑻𝒄,𝒐 (𝐄𝐱𝐩𝐞𝐫𝐢𝐦𝐞𝐧𝐭𝐚𝐥) (C°)  24 26 29.5 34.5 36.5 40 44 50 

𝑻𝒄,𝒐 (𝐓𝐡𝐞𝐨𝐫𝐞𝐭𝐢𝐜𝐚𝐥)  (C°)  23.124 25.506 29.409 33.992 36.033 39.436 42.828 48.942 

% Error -3.79% -1.94% -0.31% -1.50% -1.30% -1.43% -2.74% -2.16% 

 

Figure 72: Test 3, cold side outlet temperature vs hot side inlet temperature 
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6.2.7 Test 4 results 

The fourth test was performed on the 14th of August 2024 between 09h00 and 

13h00. The ambient temperature increased from 8.5 °C at 09h00 to 15.6 °C at 

13h00. The results for the individual measurements recorded in Test 4 are 

indicated in Table 14, with the experimental and theoretical cold side outlet 

temperatures plotted in Figure 73. 

Due to delays in getting the compressor lines up to the required testing pressure, 

the procedure was accelerated to finish in the allotted time. This resulted in less 

time to equalise between individual readings which affected the overall accuracy 

of results.  

Table 14: Test 4 data 

Measurement Number  1 2 3 4 5 6 7 8 

𝑽𝑶𝑳̇ 𝒉 (l/min) 184 184 184 184 184 184 184 184 

𝑽𝑶𝑳̇ 𝒄 (l/min) 136 136 136 136 136 136 136 136 

𝑷𝒉,𝒊 (𝐠𝐚𝐮𝐠𝐞) (bar) 2.765 2.999 3.160 3.308 3.456 3.542 3.678 3.764 

𝑻𝒉,𝒊 (C°) 34 53 66 78 90 97 108 115 

𝑻𝒉,𝒐 (C°) 32 47 58 69 80 85 95 100 

𝑻𝒄,𝒊 (C°) 18 18 18 18 18 18 18 18 

𝑻𝒄,𝒐 (𝐄𝐱𝐩𝐞𝐫𝐢𝐦𝐞𝐧𝐭𝐚𝐥) (C°)  24 29 34.5 39.5 43.5 45.5 49.5 52 

𝑻𝒄,𝒐 (𝐓𝐡𝐞𝐨𝐫𝐞𝐭𝐢𝐜𝐚𝐥)  (C°)  23.444 29.909 34.332 38.415 42.498 44.880 48.622 51.004 

% Error -2.37% 3.04% -0.49% -2.82% -2.36% -1.38% -1.80% -1.95% 

 

Figure 73: Test 4, cold side outlet temperature vs hot side inlet temperature 
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6.2.8 Test 5 results 

The fifth test was performed on the 15th of August 2024 between 09h30 and 13h45. 

The ambient temperature increased from 12 °C at 09h30 to 15.6 °C at 13h45. The 

results for the individual measurements recorded in Test 5 are shown in Table 15, 

with the experimental and theoretical cold side outlet temperatures plotted in 

Figure 74. 

Due to scheduling issues, the test was run later than previous ones which caused 

high flow demand on the compressors. The air tanks were fully draining at 

approximately 12h00 causing the compressors to intermittently start and stop to 

maintain the required airline pressure, which significantly affected the consistency 

of the airflow rates.  

Table 15: Test 5 data 

Measurement number  1 2 3 4 5 6 7 8 

𝑽𝑶𝑳̇ 𝒉 (l/min) 184 184 184 184 184 184 184 184 

𝑽𝑶𝑳̇ 𝒄 (l/min) 136 136 136 136 136 136 136 136 

𝑷𝒉,𝒊 (𝐠𝐚𝐮𝐠𝐞) (bar) 2.802 3.012 3.197 3.295 3.443 3.530 3.628 3.801 

𝑻𝒉,𝒊 (C°) 37.00 54.00 69.00 77.00 89.00 96.00 104.00 118.00 

𝑻𝒉,𝒐 (C°) 35.00 47.00 60.00 68.00 79.00 85.00 91.00 103.00 

𝑻𝒄,𝒊 (C°) 17 17 17 17.5 18 18 18 18 

𝑻𝒄,𝒐 (𝐄𝐱𝐩𝐞𝐫𝐢𝐦𝐞𝐧𝐭𝐚𝐥) (C°)  25 29.5 35 38 43 46 49 54 

𝑻𝒄,𝒐 (𝐓𝐡𝐞𝐨𝐫𝐞𝐭𝐢𝐜𝐚𝐥)  (C°)  23.805 29.589 34.693 37.745 42.158 44.539 47.261 52.025 

% Error -5.02% 0.30% -0.88% -0.68% -2.00% -3.28% -3.68% -3.80% 

 

Figure 74: Test 5, cold side outlet temperature vs hot side inlet temperature 
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6.2.9 Test 6 results 

The sixth test was performed on the 19th of August 2024 between 07h30 and 

11h30. The ambient temperature increased from 13 °C at 07h30 to 23 °C at 11h30. 

The results for the individual measurements recorded in Test 5 are indicated in 

Table 16, with the experimental and theoretical cold side outlet temperatures 

plotted in Figure 75. 

The accuracy of the results was affected by an increase in the ambient air 

temperature as it was the only test where the air supplied from the compressors 

reached a temperature of 20 °C. 

Table 16: Test 6 data 

Measurement number  1 2 3 4 5 6 7 8 

𝑽𝑶𝑳̇ 𝒉 (l/min) 184 184 184 184 184 184 184 184 

𝑽𝑶𝑳̇ 𝒄 (l/min) 136 136 136 136 136 136 136 136 

𝑷𝒉,𝒊 (𝐠𝐚𝐮𝐠𝐞) (bar) 2.765 3.024 3.221 3.394 3.493 3.542 3.628 3.826 

𝑻𝒉,𝒊 (C°) 34 55 71 85 93 97 104 120 

𝑻𝒉,𝒐 (C°) 32 47 60 72 81 87 90 104 

𝑻𝒄,𝒊 (C°) 18 18 18 18 18.5 19 19.5 20 

𝑻𝒄,𝒐 (𝐄𝐱𝐩𝐞𝐫𝐢𝐦𝐞𝐧𝐭𝐚𝐥) (C°)  24.5 30 36 42 45.5 47.5 50 58 

𝑻𝒄,𝒐 (𝐓𝐡𝐞𝐨𝐫𝐞𝐭𝐢𝐜𝐚𝐥)  (C°)  23.444 30.589 36.033 40.797 43.849 45.539 48.251 54.025 

% Error -4.50% 1.93% 0.09% -2.95% -3.77% -4.31% -3.62% -7.36% 

 

Figure 75: Test 6, cold side outlet temperature vs hot side inlet temperature 
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6.3 Combined results 

The combined readings for all six tests were then plotted on a single graph 

supported by trend lines to ascertain the effectiveness of the experimental testing 

methodology. This combined graph is shown in Figure 76. 

 

Figure 76: Combined cold side outlet temperatures vs hot side inlet temperatures 
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Effect of surface roughness on heat transfer 

Due to the selected design methodology utilising the Kays and London method to 

design the heat exchangers, several technical limitations were present, which were 

initially unaccounted for. Of note was the exact effect the surface roughness would 

have on the effectiveness of the heat exchanger.  

Due to the test piece being tested in an as-built state, the internal channels had a 

much higher surface roughness than expected, which resulted in a larger heat 

transfer area than the theoretical model. This effect could possibly explain why the 

testing process consistently recorded slightly higher heat transfer rates than 

expected at higher temperatures across the hot side. 

Effect of humidity on testing methodology 

A topic that was raised during the development of the test bench was the effect 

that the humidity of the air in the compressor airlines would have on the 

performance characteristics of the test piece. Since humidity is defined as the 

amount of water vapour present in a particular quantity of air, it stands to reason 

that humid air affects the specific heat capacities of the hot and cold sides. 

One of the limitations of the testing methodology by Sánchez-Escalona et al. [37] 

is the specific heat capacity for both the hot and cold side fluids of the heat 

exchanger were assumed to remain constant. However, during testing, the 

humidity of the air in the compressed airline was dependent on and greatly affected 

by the amount of strain being placed on the air drying unit and the aftercooler 

connected to the air compressors at PDTS. The variation could theoretically have 

impeded the accuracy of the results.  

Evaluation of dynamic similarity 

As was mentioned in the previous chapter, complete DS was not possible between 

the single-passage and test-piece designs due to issues obtaining exact force-

scale equivalence within the model. However, geometric and kinematic similarity 

conditions were met, which allowed for testing conditions at specific flow rates to 

be obtained for temperatures ranging from 30 °C to 120 °C. 
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Evaluation of experimental data 

From the data for Test 1 in Figure 70, a similar curve was observed between the 

expected theoretical and measured experimental results. The curve for Test 1 

remained constant between readings and is considered the most accurate dataset 

obtained from the testing process. The accuracy of these results may be attributed 

to the lower ambient temperature as well as a lower flow rate of air being drawn 

from the compressors.  

From the data for Test 2 in Figure 71, a constant curve was observed between the 

expected and measured results. However, the experimental readings were all out 

by an error margin of approximately 5% higher than expected. This difference was 

attributed to the noise muffler unit, which failed under higher testing temperatures, 

resulting in excess heat being retained by the system. Once the failed muffler was 

replaced with an alternative design, the quality of the results returned to the 

expected levels. 

From the data for Test 3 in Figure 72, a constant curve was observed between the 

expected and measured results. Unlike the previous two tests, PDTS had resumed 

normal manufacturing which caused additional load to be placed on the 

compressor system, the effect of which was a larger variation in the inlet 

temperature of the air supplied by the compressors. 

From the data for Test 4 in Figure 73, an approximate curve was observed between 

the expected and measured results. Test 4 constituted the poorest data set with 

the largest variation in the fit of the curve. The hypothesised reason for this 

variation was due to the shorter testing period for the dataset, which resulted in 

complete equilibrium between the hot and cold sides not being reached for some 

temperature readings. 

From the data for Test 5 in Figure 74, an approximate curve was observed between 

the expected and measured results. Test 5 turned out to be the most difficult 

dataset to record because the compressor lines were overstressed on that day. 

The effect of this was a minor fluctuation in the flow rate through the airlines caused 

by the compressor motors turning on intermittently to maintain the pressure in the 

system. 
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From the data for Test 6 in Figure 75, the curve showed the highest deviation 

between the expected and measured results. Test 6 constituted the warmest day 

during the testing period, with the ambient temperature reaching 23 °C by 11h30 

and the temperature in the airlines rising to 20 °C, which resulted in a larger error 

variance at hotter temperature readings. 

6.5 Chapter summary 

By comparing the results for Tests 1 through 6 in Figure 76, it can be concluded 

that there is a substantial correlation between the theoretical results obtained via 

calculations and the experimental results obtained from the testing process. This 

shows that the proposed DA methodology successfully predicted the performance 

characteristics of the test-piece and single-passage designs using DS constraints, 

thereby approximating the performance characteristics of the full-scale design. 
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7. CHAPTER 7 

Conclusions 

The aim of this chapter is to reflect on the findings of the study and provide conclusions as well as 

recommending future work on the topic of applying intercooling modifications into turboshaft 

engines.  

7.1 Conclusion 

The aim of this study was achieved wherein an LPBF-manufactured heat 

exchanger was successfully designed for use in a benchmark aeronautical 

turboshaft engine. To this end, the Brayton gas cycle utilised in the study was able 

to characterise the benchmark engine and provide the unknown parameters 

required to complete the design process for the heat exchangers. The Kays and 

London method for designing heat exchangers was then used to design and size 

the conceptualised heat exchanger units, which would have the capacity to cool 

the charge air supplied by the compressor stage of the benchmark engine by an 

estimated 29 °C using the assumed cooling source. Then an EOS M290 LPBF 

system was used to successfully manufacture an extracted test-piece segment at 

half scale using Ti64, and a test bench was designed to experimentally verify the 

test-piece segment. The test bench was found to be capable of reaching the 

desired testing temperatures, pressures, and flow rates required to match DS 

constraints between the single passage design and the test piece. The 

experimental testing procedure applied in this study was found more effective than 

initially expected, with a notable correspondence between the theoretical and 

experimental data, which was then used to draw conclusions on the efficacy of the 

full-size design. However, the inefficiency of AM-based heat exchangers compared 

to traditionally manufactured ones is noted due to the inherent difficulty of using 

materials with high thermal conductance in the LPBF process. Therefore, future 

AM heat exchangers will need to either utilise a different material or adopt a design 

methodology optimised for the LPBF process. 

While there are benefits to be gained by installing AM-based intercooling 

modifications in turboshaft engines, such as an increase in power output and lower 

running temperatures, it was also found that improperly applying these 
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modifications could lead to an increase in fuel consumption and emissions. To 

reduce the negative effects, such an intercooler system should have the capability 

to turn off when not needed, thereby enhancing fuel efficiency.  

From the research conducted during this study, there is potential for AM-based 

heat exchangers in aeronautical turboshaft engines, but further research into the 

topic outside the scope of this study will be required.   

7.2  Addressed objectives 

The aim of the study was to design an LPBF-manufactured Ti64 heat exchanger 

that could remove heat produced by the compressor stage of a turboshaft engine. 

To achieve this aim, a set of objectives was drawn up in the introduction to break 

down the challenges involved into several smaller topics that could be individually 

investigated and addressed. 

 

1. Characterisation of a benchmark turboshaft engine using Brayton gas cycle.  

A basic Brayton gas cycle was applied for use in characterising the performance 

characteristics of the selected benchmark engine. The approach used was 

applicable to the twin-spool layout, wherein the compressor stage of the engine 

was connected to a separate high-power turbine used in the benchmark engine. It 

should be noted that if the same approach were to be applied to other turboshaft 

engine layouts, the Brayton gas cycle would need to be adjusted accordingly. From 

Chapter 3, it was found that charge air supplied by the compressor of the 

benchmark engine would theoretically undergo an estimated 234.7 °C increase in 

temperature at the operating flow rate of 1.638 kg/s and operating pressure of 

628.215 kPa. 

 

2. Design and fabrication of a scaled test-piece heat exchanger manufactured 

using Ti64. 

Due to several limitations imposed on the study, the mesh for the full-size design 

had to be capable of being manufactured at half scale to reduce costs. To fulfil this 

requirement, a larger mesh was selected for the core of the heat exchanger, which 
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ultimately resulted in a less effective heat exchanger when compared to more 

compact designs. Adjustments were then made to the Kays and London method 

to account for the change in material, an increase in wall thickness, and the 

modified profile for the individual cells of the heat exchanger to enhance the 

accuracy of the theoretical results. A set of two identical heat exchanger units was 

then sized to fill the available space between the compressor and combustor units 

of the benchmark engine, with each unit being able to handle half of the total mass 

flow rate through the benchmark engine. The resulting heat exchanger units 

obtained from the design process would be theoretically able to cool the charge air 

supplied by the compressor by approximately 29 °C at a mass flow rate of 0.819 

kg/s. 

 

3. Experimental verification of test piece using DA and DS techniques. 

A test-piece segment was extracted from the full-size design and manufactured at 

the required scale using Ti64. Splitting the test piece assembly into individual 

components was the right choice, as it enabled modifications on individual parts 

without reprinting the entire assembly. The test bench was then designed to 

replicate the testing conditions required to experimentally verify the test piece using 

DA and DS principles. The testing process indicated a strong correspondence 

between the theoretical results and the collected experimental data, revealing an 

average error margin of 1.5%. The conclusion was drawn that the full-scale design 

would have similar performance characteristics to the verified single-passage 

designs. 

 

4. Analysis of potential benefits and drawbacks to installing the designed 

intercooler in turboshaft cycles. 

Although the exact effects the hypothesised system would have on the benchmark 

engine requires additional research, several observations can be made. The full-

size multi-pass intercooler design consisting of the two separate units could 

theoretically result in an approximate 12% reduction in the temperature of the 

charge air supplied to the combustor unit. The reduced temperature would result 

in an improvement in the quality of air being supplied to the engine, as well as 
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improving the cooling effects within the combustor lining. Unfortunately, due to the 

scope limitations of the project, this study cannot investigate the exact effects the 

desired system would have on a real-world engine.  

Although AM techniques have numerous advantages when it comes to rapid 

prototyping, additively manufactured Ti64 is not an optimal material for heat 

exchangers due to high manufacturing costs, low thermal conductivity, and the 

inherent challenges involved in printing parts with complex internal overhangs. 

Therefore, a more efficient heat exchanger could be designed utilising a more 

compact conventionally manufactured heat exchanger, and a thermally conductive 

material such as aluminium or copper could significantly enhance the overall 

efficacy of the intercooler system. 

A negative aspect that was highlighted in this study was the effect that an 

intercooler could have on the fuel economics of a turboshaft engine; specifically, a 

reduction in the temperature of the air entering the combustor unit would reduce 

the thermal efficiency of the engine. Thus, the engine would have a higher power 

output and better performance, but at the cost of fuel economy, as well as an 

increase in greenhouse emissions caused by an incomplete combustion process.  

 

5. Hypothesis of an optimised modification using data that could be applied to 

turboshaft engines.  

Because the hypothesised intercooler design would increase performance at the 

cost of fuel economy, it stands to reason that the intercooler design would be most 

beneficial under short-term, high-power output circumstances such as those that 

are present during the take-off of a helicopter. Thus, any intercooler modifications 

applied to aeronautical turboshaft engines would require the capability to turn off 

when not in use, which would greatly affect the versatility of the system. Further 

research will be required to address these issues before the concept can be 

feasibly applied to existing turboshaft engines. 
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7.3 Recommendations for future work 

The study indicated potential for the use of heat exchangers in aeronautical 

turboshaft engines. However, several important points were highlighted that are 

crucial for future work on the topic. 

1. Although the Kays and London method has proved to be a reliable method in 

the design of heat exchangers, it is a poor choice for AM since it does not 

properly leverage the potential of modern manufacturing techniques such as 

LPBF. The primary example is the emphasis on straight channels, which are 

very vulnerable to warping during the LPBF process [5]. Therefore, using an 

updated design methodology for heat exchangers, which is specifically 

optimised for the LPBF process, is recommended.  

2. The experimental methodology based on the Buckingham-Pi method was 

successfully able to predict the performance of the test piece using DS 

constraints; however, the limiting constraint was that both the test-piece 

segment and single-passage designs had to be made of the same material. 

An expanded methodology could account for the thermal conductivity of the 

material, which will allow for heat exchangers made using non-metallic 

processes such as SLS to verify metal. 

3. Due to the conclusion that an intercooler system alone would not be beneficial 

over long-term use, such a system would need to be combined with a waste 

heat recuperation system to offset the negative effects. An optimised system 

that could attain this is an intercooler-recuperator hybrid system, wherein a set 

of heat exchangers act as intercoolers while the turboshaft engine is grounded 

during take-off, then switches to a waste heat recuperator when at altitude. 

4. The effect of the surface roughness of AM Ti64 was not quantified in this study 

and would have a notable effect on the performance characteristics of heat 

exchangers in a practical setting. Thus a future study on this topic is 

recommended. 
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9. APPENDIX 1 

Heat Exchanger Calculations 

7.4 Inlet conditions 

Table 17: Full-size, inlet conditions  

 Hot side Cold side Units 

m 0.819 0.157 kg/s 

P 628.215 140 kPa 

Ti 522.860 298 K 

7.5 Full-size configuration 

Table 18: Full-size, configuration  

 Hot side Cold side Units 

b 12 12 mm 

l_f 13 13 mm 

Dh 6.643E-3 6.643E-3 m 

B 616.8 616.8  

δ_fin 0.8 0.8 mm 

Af/A 0.719 0.719  

7.6 Full-size calculations 

Table 19: Full-size, Pass 1 

 Iteration 1 Iteration 2 Iteration 3 Units 

ε 0.4 0.303 0.302  

δ_plate 2.000E-3 2.000E-3 2.000E-3 m 

kf 7.47 7.47 7.47 W/mK 

L1 90.00E-3 90.00E-3 90.00E-3 m 

L2 220.00E-3 220.00E-3 220.00E-3 m 

L3 220.00E-3 220.00E-3 220.00E-3 m 

     

Np 8 8 8  

A_fr_h 48.400E-3 48.400E-3 48.400E-3 m^2 

A_fr_c 19.800E-3 19.800E-3 19.800E-3 m^2 

V_fr_h 1.901E-3 1.901E-3 1.901E-3 m^3 
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V_fr_c 2.138E-3 2.138E-3 2.138E-3 m^3 

     

A_h 1.17241 1.172 1.172 m^2 

A_c 1.31897 1.319 1.319 m^2 

     

A_o_h 17.112E-3 17.112E-3 17.112E-3 m^2 

A_o_c 7.875E-3 7.875E-3 7.875E-3 m^2 

     

σ_h 353.554E-3 353.554E-3 353.554E-3  

σ_c 397.727E-3 397.727E-3 397.727E-3  

     

T_h_o 504.04388 508.607 508.654 K 

T_c_o 387.94400 366.133 365.908 K 

     

T_h_m 513.45194 515.733 515.757 K 

T_c_m 342.97200 332.066 331.954 K 

     

µ_h 27.186E-6 27.267E-6 27.268E-6 Pa * s 

µ_c 20.428E-6 19.929E-6 19.924E-6 Pa * s 

Cp_h 1.0321E+0 1.0326E+0 1.0326E+0 kJ/kg*K 

Cp_c 1.0085E+0 1.0078E+0 1.0078E+0 kJ/kg*K 

Pr_h 680.000E-3 680.000E-3 680.000E-3  

Pr_c 698.546E-3 700.945E-3 700.970E-3  

     

Pr^2/3_h 0.773 0.773 0.773  

Pr^2/3_c 0.787 0.789 0.789  

     

G_h 47.861 47.861 47.861 kg/m^2*s 

G_c 21.757 21.757 21.757 kg/m^2*s 

     

Re_h 11694.964 11660.324 11659.968  

Re_c 7074.915 7252.076 7253.949  

     

j_h 0.0037 0.0037 0.0037  

j_c 0.0040 0.0040 0.0040  

     

h_h 236.359 233.265 233.266 W/m^2*K 

h_c 111.484 111.150 111.147 W/m^2*K 
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m_h 289.777 287.874 287.874 m^-1  

m_c 199.014 198.716 198.713 m^-1 

     

l_h 6.500E-3 6.500E-3 6.500E-3 m 

l_c 6.500E-3 6.500E-3 6.500E-3 m 

     

nf_h 0.507 0.510 0.510  

nf_c 0.665 0.665 0.665  

     

no_h 0.645 0.647 0.647  

no_c 0.759 0.759 0.759  

     

A_wall 356.400E-3 356.400E-3 356.400E-3 m^2 

R_wall 751.228E-6 751.228E-6 751.228E-6 K/W 

     

UA 65.353 65.019 65.018 W/K 

     

C_h 845.298 845.660 845.664 W/K 

C_c 172.796 172.673 172.671 W/K 

Cr 0.204 0.204 0.204  

     

NTU 0.378 0.377 0.377  

     

ε_actual 0.303 0.302 0.302  

     

q 11.765E+3 11.715E+3 11.715E+3 W 

     

T_h_o_real 508.942 509.006 509.007 K 

T_c_o_real 366.085 365.848 365.848 K 

 

Table 20: Full-size, Pass 2 

 Iteration 1 Iteration 2 Iteration 3 Units 

ε 0.3 0.304 0.304  

δ_plate 2.000E-3 2.000E-3 2.000E-3 m 

kf 7.47 7.47 7.47 W/mK 

L1 90.00E-3 90.00E-3 90.00E-3 m 

L2 220.00E-3 220.00E-3 220.00E-3 m 

L3 220.00E-3 220.00E-3 220.00E-3 m 
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Np 8 8 8  

A_fr_h 48.40E-3 48.40E-3 48.40E-3 m^2 

A_fr_c 19.80E-3 19.80E-3 19.80E-3 m^2 

V_fr_h 1.90E-3 1.90E-3 1.90E-3 m^3 

V_fr_c 2.14E-3 2.14E-3 2.14E-3 m^3 

     

A_h 1.172 1.172 1.172 m^2 

A_c 1.319 1.319 1.319 m^2 

     

A_o_h 17.11E-3 17.11E-3 17.11E-3 m^2 

A_o_c 7.88E-3 7.88E-3 7.88E-3 m^2 

     

σ_h 0.354 0.354 0.354  

σ_c 0.398 0.398 0.398  

     

T_h_o 500.02199 499.902 499.902 K 

T_c_o 408.79540 409.368 409.368 K 

     

T_h_m 504.514 504.454 504.454 K 

T_c_m 387.322 387.608 387.608 K 

     

µ_h 26.870E-6 26.868E-6 26.868E-6 Pa * s 

µ_c 22.325E-6 22.337E-6 22.337E-6 Pa * s 

Cp_h 1.0304 1.0304 1.0304 kJ/kg*K 

Cp_c 1.0127 1.0128 1.0128 kJ/kg*K 

Pr_h 680.000E-3 680.000E-3 680.000E-3  

Pr_c 691.029E-3 690.983E-3 690.983E-3  

     

Pr^2/3_h 0.773 0.773 0.773  

Pr^2/3_c 0.782 0.782 0.782  

     

G_h 47.861 47.861 47.861 kg/m^2*s 

G_c 21.757 21.757 21.757 kg/m^2*s 

     

Re_h 11832.673 11833.607 11833.607  

Re_c 6473.880 6470.378 6470.378  

     

j_h 0.0036 0.0036 0.0036  
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j_c 0.0041 0.0041 0.0041  

     

h_h 229.584 229.582 229.582 W/m^2*K 

h_c 115.577 115.586 115.586 W/m^2*K 

     

m_h 285.594 285.592 285.592 m^-1  

m_c 202.635 202.642 202.642 m^-1 

     

l_h 6.500E-3 6.500E-3 6.500E-3 m 

l_c 6.500E-3 6.500E-3 6.500E-3 m 

     

nf_h 0.513 0.513 0.513  

nf_c 0.658 0.658 0.658  

     

no_h 0.650 0.650 0.650  

no_c 0.754 0.754 0.754  

     

A_wall 356.400E-3 356.400E-3 356.400E-3 m^2 

R_wall 751.228E-6 751.228E-6 751.228E-6 K/W 

     

UA 65.916 65.918 65.918 W/K 

     

C_h 843.878 843.868 843.868 W/K 

C_c 173.515 173.520 173.520 W/K 

Cr 0.206 0.206 0.206  

     

NTU 0.380 0.380 0.380  

     

ε_actual 0.304 0.304 0.304  

     

q 7.546E+3 7.546E+3 7.546E+3 W 

     

T_h_o_real 500.064 500.064 500.064 K 

T_c_o_real 409.338 409.338 409.338 K 

 

Table 21: Full-size, Pass 3 

 Iteration 1 Iteration 2 Iteration 3 Units 

ε 0.3 0.306 0.306  
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δ_plate 2.000E-3 2.000E-3 2.000E-3 m 

kf 7.47 7.47 7.47 W/mK 

L1 90.00E-3 90.00E-3 90.00E-3 m 

L2 220.00E-3 220.00E-3 220.00E-3 m 

L3 220.00E-3 220.00E-3 220.00E-3 m 

     

Np 8 8 8  

A_fr_h 48.40E-3 48.40E-3 48.40E-3 m^2 

A_fr_c 19.80E-3 19.80E-3 19.80E-3 m^2 

V_fr_h 1.90E-3 1.90E-3 1.90E-3 m^3 

V_fr_c 2.14E-3 2.14E-3 2.14E-3 m^3 

     

A_h 1.172 1.172 1.172 m^2 

A_c 1.319 1.319 1.319 m^2 

     

A_o_h 17.11E-3 17.11E-3 17.11E-3 m^2 

A_o_c 7.88E-3 7.88E-3 7.88E-3 m^2 

     

σ_h 0.354 0.354 0.354  

σ_c 0.398 0.398 0.398  

     

T_h_o 494.36996 494.256 494.256 K 

T_c_o 436.55600 437.100 437.100 K 

     

T_h_m 497.217 497.160 497.160 K 

T_c_m 422.947 423.219 423.219 K 

     

µ_h 26.606E-6 26.604E-6 26.604E-6 Pa * s 

µ_c 23.769E-6 23.779E-6 23.779E-6 Pa * s 

Cp_h 1.0290 1.0290 1.0290 kJ/kg*K 

Cp_c 1.0171 1.0171 1.0171 kJ/kg*K 

Pr_h 680.167E-3 680.170E-3 680.170E-3  

Pr_c 686.246E-3 686.214E-3 686.214E-3  

     

Pr^2/3_h 0.773 0.773 0.773  

Pr^2/3_c 0.778 0.778 0.778  

     

G_h 47.861 47.861 47.861 kg/m^2*s 

G_c 21.757 21.757 21.757 kg/m^2*s 
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Re_h 11950.036 11950.993 11950.993  

Re_c 6080.650 6077.893 6077.893  

     

j_h 0.0036 0.0036 0.0036  

j_c 0.0042 0.0042 0.0042  

     

h_h 229.242 229.239 229.239 W/m^2*K 

h_c 119.456 119.464 119.464 W/m^2*K 

     

m_h 285.381 285.379 285.379 m^-1  

m_c 206.007 206.013 206.013 m^-1 

     

l_h 6.500E-3 6.500E-3 6.500E-3 m 

l_c 6.500E-3 6.500E-3 6.500E-3 m 

     

nf_h 0.513 0.513 0.513  

nf_c 0.651 0.651 0.651  

     

no_h 0.650 0.650 0.650  

no_c 0.749 0.749 0.749  

     

A_wall 356.400E-3 356.400E-3 356.400E-3 m^2 

R_wall 751.228E-6 751.228E-6 751.228E-6 K/W 

     

UA 66.893 66.894 66.894 W/K 

     

C_h 842.759 842.751 842.751 W/K 

C_c 174.259 174.265 174.265 W/K 

Cr 0.207 0.207 0.207  

     

NTU 0.384 0.384 0.384  

     

ε_actual 0.306 0.306 0.306  

     

q 4.842E+3 4.842E+3 4.842E+3 W 

     

T_h_o_real 494.319 494.318 494.318 K 

T_c_o_real 437.124 437.124 437.124 K 
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Table 22: Full-size, pressure drop analysis 

 Hot side Cold Pass 1 Cold Pass 2 Cold Pass 3 Units 

f 7.500E-3 8.500E-3 8.500E-3 8.500E-3  

D_h 6.643E-3 6.643E-3 6.643E-3 6.643E-3 m 

G 47.861 21.757 21.757 21.757 kg/m^2*s 

l 0.270 0.220 0.220 0.220 m 

k_c 0.490 0.500 0.500 0.500  

k_e 0.350 0.460 0.460 0.460  

T_i 522.860 298.000 365.848 409.338 K 

T_o 494.318 365.848 409.338 437.124 K 

T_m 508.589 331.924 387.593 423.231 K 

P_i 628.215 110.000 109.525 108.992 kPa 

ρ_i 4.186 1.286 1.043 0.928 kg/m^3 

ρ_o 4.428 1.047 0.932 0.869 kg/m^3 

ρ_m 4.303 1.155 0.984 0.897 kg/m^3 

σ 0.354 0.398 0.398 0.398  

      

ΔP 532.346 475.309 532.206 570 Pa 
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7.7 Single-passage inlet conditions 

Table 23: Full-size, inlet conditions  

 Hot side Cold side Units 

m 0.819 0.157 kg/s 

P 628.215 140 kPa 

Ti 522.860 298 K 

7.8 Single-passage configuration 

Table 24: Single-passage, full-size configuration  

 Hot side Cold side Units 

b 12 12 mm 

l_f 13 13 mm 

Dh 6.643E-3 6.643E-3 m 

B 616.8 616.8  

δ_fin 0.8 0.8 mm 

Af/A 0.719 0.719  

7.9 Single-passage calculations 

Table 25: Single-passage, Pass 1 

 Iteration 1 Iteration 2 Iteration 3 Units: 

ε 0.3 0.341 0.342  

δ_plate 2.000E-3 2.000E-3 2.000E-3 m 

kf 7.47 7.47 7.47 W/m*K 

L1 90.00E-3 90.00E-3 90.00E-3 m 

L2 220.00E-3 220.00E-3 220.00E-3 m 

L3 27.50E-3 27.50E-3 27.50E-3 m 

     

Np 1 1 1  

A_fr_h 6.050E-3 6.050E-3 6.050E-3 m^2 

A_fr_c 2.475E-3 2.475E-3 2.475E-3 m^2 

V_fr_h 237.600E-6 237.600E-6 237.600E-6 m^3 

V_fr_c 475.200E-6 475.200E-6 475.200E-6 m^3 

     

A_h 146.552E-3 146.552E-3 146.552E-3 m^2 

A_c 293.103E-3 293.103E-3 293.103E-3 m^2 
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A_o_h 2.139E-3 2.139E-3 2.139E-3 m^2 

A_o_c 1.750E-3 1.750E-3 1.750E-3 m^2 

     

σ_h 353.554E-3 353.554E-3 353.554E-3  

σ_c 707.071E-3 707.071E-3 707.071E-3  

     

T_h_o 508.74791 506.819 506.772 K 

T_c_o 365.45800 374.677 374.902 K 

     

T_h_m 515.80395 514.840 514.816 K 

T_c_m 331.72900 336.339 336.451 K 

     

µ_h 27.27E-6 27.24E-6 27.23E-6 Pa * s 

µ_c 19.91E-6 20.12E-6 20.13E-6 Pa * s 

Cp_h 1.0326 1.0324 1.0324 kJ/kg*K 

Cp_c 1.0078 1.0081 1.0081 kJ/kg*K 

Pr_h 0.68 0.68 0.68  

Pr_c 0.70 0.70 0.70  

     

Pr^2/3_h 0.773 0.773 0.773  

Pr^2/3_c 0.789 0.788 0.788  

     

G_h 47.861 47.861 47.861 kg/m^2*s 

G_c 12.238 12.238 12.238 kg/m^2*s 

     

Re_h 11659.256 11673.870 11674.227  

Re_c 4082.454 4039.665 4038.632  

     

j_h 0.0036 0.0036 0.0036  

j_c 0.0048 0.0048 0.0048  

     

h_h 230.072 230.031 230.030 W/m^2*K 

h_c 74.238 75.114 75.117 W/m^2*K 

     

m_h 285.897 285.871 285.871 m^-1  

m_c 162.402 163.358 163.360 m^-1 

     

l_h 6.500E-3 6.500E-3 6.500E-3 m 

l_c 6.500E-3 6.500E-3 6.500E-3 m 
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nf_h 0.513 0.513 0.513  

nf_c 0.743 0.741 0.741  

     

no_h 0.650 0.650 0.650  

no_c 0.815 0.813 0.813  

     

Awall 0.079 0.079 0.079 m^2 

Rwall 3.381E-3 3.381E-3 3.381E-3 K/W 

     

UA 9.485 9.534 9.535 W/K 

     

C_h 105.709 105.690 105.689 W/K 

C_c 21.584 21.590 21.590 W/K 

Cr 0.204 0.204 0.204  

     

NTU 0.439 0.442 0.442  

     

ε_actual 0.341 0.342 0.342  

     

q 1.654E+3 1.660E+3 1.661E+3 W 

     

T_h_o_real 507.216 507.149 507.149 K 

T_c_o_real 374.620 374.910 374.910 K 

     

ΔT_h  15.644 15.711 15.711 K 

ΔT_c 76.620 76.910 76.910 K 

 

Table 26: Full-size pressure drop analysis 

 Hot side Cold Pass 3 Units 

f 7.500E-3 8.500E-3  

D_h 6.643E-3 6.643E-3 m 

G 47.861 12.238 kg/m^2*s 

l 0.090 0.220 m 

k_c 0.490 0.500  

k_e 0.350 0.460  

T_i 522.860 298.000 K 

T_o 507.149 374.910 K 
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T_m 515.004 336.455 K 

P_i 628.215 110.000 kPa 

ρ_i 4.186 1.286 kg/m^3 

ρ_o 4.315 1.022 kg/m^3 

ρ_m 4.250 1.139 kg/m^3 

σ 0.354 0.707  

    

ΔP 327.259 159.390 Pa 
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10. APPENDIX 2 

Supporting Documents 

Table 27: Properties of air at atmospheric pressure [7] 
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