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Abstract
Modelling and Evaluation of the Transient Behaviour of

Evaporators in Aircraft Engine Preliminary Design

Master’s thesis

Aytunc Yildirim

New concepts for aero engines are investigated in the aviation industry for reaching carbon neutral

climate goals and finding cost-efficient solutions. The Water-Enhanced Turbofan (WET) concept is one

of the proposed solutions for increasing the overall efficiency of an aircraft engine, decreasing contrail

formation and reducing nitrogen oxide emission. Heat exchangers, like evaporators, must be installed

in aero engines to realise the WET concept or other promising concepts, such as hydrogen combustion.

Space and mass constraints in aero-engines compel designers to test complex geometries, and at a prelim-

inary design level, results of such evaporator configurations should be quickly attained. Since evaporators

in an aircraft engine operate in dynamic conditions, a design tool is needed to examine the transient be-

haviour of evaporators to understand possible operational problems during the preliminary design level.

There is no such model to quickly predict the transient response on a preliminary design level for com-

plex geometries and multiple parallel changes in the inlet boundary conditions. Therefore, in the scope

of this thesis, a transient model is developed and implemented in the design tool to analyse the dynamic

response of evaporators in an aero-engine environment. The developed method considers the effect of the

thermal inertia of the heat exchanger wall on the transient evaluation of temperature profiles and uses

the residence time information while calculating fluid properties. For a two-fluid evaporator, the transient

model can handle a simultaneous change of the inlet boundary conditions such as temperature, pressure,

mass flow rate, water-to-air ratio, and fuel-to-air ratio. The computational cost of the implemented code

is significantly low and accurate enough for a preliminary design. The transient model is validated for

a single-phase heat exchanger with a numerical benchmark in a concentric, double-pipe counterflow ge-

ometry. Three validation cases are demonstrated, including simultaneous changes in inlet temperatures

and mass flow rates on both fluid sides. Temperature results from the developed model align well with

the numerical benchmark model in all three cases. Then, the transient model is used to evaluate temper-

ature propagation in a spiral-shaped crossflow evaporator, which might be integrated as a heat recovery

steam generator in the WET concept. Two transient cases are investigated. First, a start-up scenario is

simulated, and the inlet boundary conditions of the evaporator vary from the switch-off operating point

to the idle operating point. Second, a go-around scenario is simulated, and the inlet boundary conditions

of the evaporator vary from the approach operating point to the end-of-field operating point. Compared

to the start-up scenario, the evaporator reaches its steady state much faster in the go-around case. In the

start-up scenario, the temperature profiles of the transient model converge perfectly to the final operating

point temperatures. However, in the go-around scenario, the temperature profiles of the transient model

show a slight deviation from the final operating point temperatures at the end of the transient simulation.

Another investigation is conducted to determine the effect of ramp time on the dynamic response. In-

creasing the ramp time causes a delay in reaching a steady state. However, the effect is not directly linear.

In the start-up case, increasing the ramp time by 40 seconds causes a delay of 27 seconds in reaching a

steady state. In the go-around case, increasing the ramp time by 19 seconds causes a delay of 8 seconds in

reaching a steady state. This work forms a basis for future research on the dynamic characteristics of the

aero-engine heat exchangers.
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Preface

Heat, like gravity, penetrates every substance of the universe, its
rays occupy all parts of space. The object of our work is to set forth
themathematical laws which this element obeys. The theory of heat
will hereafter form one of the most important branches of general
physics. [...] The differential equations of the propagation of heat
express the most general conditions, and reduce the physical ques-
tions to problems of pure analysis, and this is the proper object of
theory.

Joseph Fourier, Analytical Theory of Heat, 1822 [1]
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Chapter 1

Introduction

Aviation research focuses on developing more environmentally friendly, sustainable, cost-effective solu-

tions. Efforts include aerodynamic improvements, optimizing aircraft geometry, and enhancing propul-

sion system efficiency, amongmany other sustainable aviation research areas. Within propulsion systems,

exploring new concepts is crucial for achieving carbon neutrality by 2050, as outlined in the European Cli-

mate Law [2]. Moreover, at the engine level, the Strategic Research and Innovation Agenda aims to achieve

a 30% reduction in carbon dioxide (CO2) emissions by 2035, compared to the levels determined by the 2000

technology standards [3]. Schmitz et al. have proposed theWater-Enhanced Turbofan (WET) concept as a

potential disruptive advancement in the aero-engine technology. This concept integrates the Cheng cycle

into the aircraft engine instead of the traditional Joule-Brayton cycle [4]. Initial feasibility studies indicate

that the WET concept could increase the overall efficiency while significantly lowering nitrogen oxide

emissions and contrail formation [4].

The Cheng cycle integrates the conventional Joule-Brayton cycle with a Clausius-Rankine cycle. Ini-

tially introduced by Cheng in the late 1970s, this dual-fluid gas turbine cycle uses exhaust heat to generate

steam in a heat recovery steam generator (HRSG) [5]. The generated steam is then injected into the com-

bustion chamber with compressed air and fuel, enhancing efficiency and boosting power output [6]. While

Cheng cycle gas turbines are commonly applied in stationary settings, their use in aviation has been lim-

ited due to space and mass constraints. Implementing the Cheng cycle in aircraft engines would require

additional components, such as evaporators, condensers, and pumps, which pose significant mass and

space challenges. Despite the additional mass and space constraints posed by components like evapora-

tors, condensers, and pumps, the WET concept still appears feasible for achieving significant emissions

reductions. The feasibility study presented by Schmitz et al. accounts for the volume andmass penalties of

these components. In other words, the overall efficiency increase and lowering nitrogen oxide emissions

are achievable despite the mass increase of the engine. MTU Aero Engines AG has developed a design,

illustrated in Figure 1.1 [4].

Figure 1.1: Water-Enhanced Turbofan (WET) concept proposed by MTU Aero Engines AG [4].
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This figure illustrates the operation of the WET concept, which uses a closed water loop to enhance

efficiency through steam injection. After the air is compressed and moves through the combustion cham-

ber between stations 3 and 4, it mixes with fuel and steam water to generate exhaust gas. This exhaust

gas flows toward the steam generator (evaporator) between stations 5 and 6, where exhaust gas’ heat

evaporates liquid water into superheated steam. The generated steam is directed back into the combus-

tion chamber, improving power output. As water steam is used in the combustion chamber, exhaust gas

also includes water steam, which should be recycled. Once the exhaust gas exits the evaporator, it passes

through a series of components that condense and recover the water. Between stations 6 and 8, the exhaust

gas with water steam is first directed into a condenser, which cools and condenses water steam into liquid

form. Liquid water is then stored in the reservoir and pumped back to the steam generator by the feed

water pump, effectively closing the water loop. By recovering and reusing the water, the system ensures

a continuous supply for steam generation, supporting the sustainable operation of the WET concept.

At the Institute of Propulsion Technology of the German Aerospace Center (DLR), new aero-engine

concepts are investigated with experimental, analytical and numerical approaches. The virtual engine

framework Gas Turbine Laboratory (GTlab) is being developed for analytical and numerical analysis. The

framework brings tools tools together such as DLR performance tool (DLRp2), enabling the investigation

and conceptualisation of different aero-engine architectures via model-based approaches [7]. The WET

concept or other disruptive technologies, such as hydrogen combustion or hybrid-electric solutions, can be

quickly modelled and simulated for different thermodynamic operational conditions [8]. Although DLRp2

provides an overview of the whole engine with appropriate thermodynamic calculations and surrogate

models for individual components, it is essential to understand each component’s behaviour in detail,

considering its geometry. With that purpose, a separate software tool called PreHEAT for preliminary

heat exchanger design is in development to predict the performance of heat exchangers, such as the heat

recovery steam generator of the WET concept [9].

PreHEAT aims to enable the rapid design of various heat exchanger geometries tailored tomeet aircraft

engines’ space constraints and operating conditions. The tool must effectively address preheating, evapo-

ration, and superheating. Therefore, a key consideration during the early development phase of PreHEAT

was to create a design tool that is easy to parameterise [9]. A cell-based approach was implemented as

modelling method within the code to effectively change parameters and test different geometries. These

cells can be arranged in a configuration corresponding to the specified complex geometry. Before this

thesis, the tool’s capabilities included steady-state calculations of complex geometries using the P-NTU

method at the cell level. These cells can handle simple flow arrangements, such as cross-flow, co-flow,

or counter-flow, and when correctly assembled, allow the program to analyse complex geometries. Fur-

ther details regarding the software and modelling hierarchy will be discussed in the methodology chapter,

along with an explanation of how the code structure for transient analysis has been developed to align

with the objectives of this thesis.

Heat exchangers arewidely used across various industrial applications and have been extensively stud-

ied for decades. Numerous methods have been developed to analyse their behaviour. In most industrial

applications, steady-state operation is expected, and designs are optimised accordingly. Consequently, a

wide range of analytical methods exists for studying steady-state operations. However, there are cases

where unsteady behaviour becomes important and requires thorough analysis. For instance, understand-

ing the transition time between operational modes with a given geometry is critical when heat exchangers

operate under frequent mode variations such as those experienced during various phases of a flight mis-

sion, including takeoff, cruise, and landing. Another critical situation where dynamic behaviour is crucial

is when a system component fails, negatively impacting heat exchanger performance. If, for example, the

feed water pump of the recovery system in the aircraft engine fails, causing a significant drop in mass

flow rate, it becomes necessary to estimate how this change affects heat exchanger performance and to

determine how much time remains to mitigate potential system-wide effects.

Research on such dynamic situations dates back to the 1950s. Many studies have presented analytical

solutions for simple geometries under specific boundary condition changes. In the literature, studies are

related to four main dynamic boundary condition changes in a two-fluid heat exchanger: hot fluid inlet

temperature, hot fluid mass flow rate, cold fluid inlet temperature, and cold fluid mass flow rate. One

can also change the inlet pressure; however, the inlet mass flow rate and temperature impact the heat

exchanger’s performance more. Nevertheless, inlet pressure, or the pressure along the heat exchanger,

is essential for fixing the thermodynamic state of the fluids. Hence, changes in the inlet pressure should

2



also be considered. In addition to these boundary condition changes, the water-air ratio (WAR) and fuel-

air ratio (FAR) of the exhaust gas in a WET concept also vary during transitions between operational

modes. This variation influences the thermodynamic fluid properties of the exhaust gas in a way similar

to the changes in inlet pressure. No transient model is developed considering all these boundary condition

changes in the literature, which are essential for covering operational mode variations of aircraft evapo-

rators. Moreover, any design tool developed for evaluating the transient behaviour of aircraft evaporators

must handle complex geometries. Hence, the current cell-based structure of the PreHEAT allows for such

performance evaluation of complex geometries, which is also not possible with the analytical methods

provided in the literature.

Analysing dynamic temperature behaviour along a heat exchanger becomes increasingly complex

when accounting for these boundary condition changes, especially when these changes in the boundary

conditions occur at the same time. Thus, amodel that simultaneously handles all these boundary condition

changes is essential. Another phenomenon that is effective on the heat exchanger’s dynamic response is

the thermal inertia of the heat exchanger wall. Wall thermal inertia in a heat exchanger refers to the wall’s

ability to resist rapid temperature changes due to its heat capacity and thermal conductivity. This property

affects the overall dynamic response, as walls with higher thermal inertia will slow down the rate at which

the heat exchanger adjusts to changes in operating conditions. Another challenge arises when accounting

for the magnitude and profile of boundary conditions changes as they evolve. These may include step,

ramp, and sinusoidal changes. Boundary conditions shift instantly in step variations, whereas sinusoidal

variations oscillate between defined values. Ramp variations, however, gradually increase or decrease

from one operational point to another over a specified ramp length. Many studies, including this work’s

validation and case studies, assume linear ramp variations due to their practicality. Moreover, this work

also considers the impact of phase change within the heat exchanger. As temperature profiles evolve,

the region where phase change occurs moves along the evaporator. The size of this phase-change region

depends on the heat transfer rate, which can significantly influence design decisions. Therefore, any

developed modelling approach must account for these effects to accurately reflect the heat exchanger’s

behaviour.

This thesis aims to enhance the functionality of the heat exchanger design tool, PreHEAT, initially

structured for steady-state analysis. This work extends its capability to handle changes in boundary con-

ditions, which are crucial for aircraft applications where sudden load variations frequently occur due

to shifts in flight modes. The primary objective is to establish a framework for evaluating the heat ex-

changer’s transient response to such simultaneous changes, focusing on temperature propagation and

phase change regions along the evaporator during dynamic simulations. A comprehensive literature re-

view of existing analytical and numerical methods for transient heat exchanger analysis is provided, laying

the groundwork for the methodology. The developed methodology involves the wall thermal inertia effect

and considers the fluid particles’ duration within a heat exchanger section, known as the fluid residence

time. Due to the preliminary design focus, the PreHEAT code has been reutilised and expanded to in-

tegrate these physical principles effectively while prioritising simulation speed. The validation chapter

compares the transient model with a numerical benchmark to ensure accuracy. The results and discussion

chapter presents case studies of a spiral-shaped crossflow evaporator based on real aircraft scenarios, such

as start-up and go-around manoeuvres, to analyse the system’s response to typical operational changes.

Furthermore, the methodology evaluates the outcomes of varying ramp lengths on transient behaviour.

The developed code yields the results quickly, which is essential regarding computational time constraints.

These results are accurate enough for preliminary design applications. The validation tests demonstrated

a high level of agreement with the numerical benchmark model when mesh independence is satisfied.

Moreover, the evaporator’s transient response was significantly slower than the inlet ramp, indicating

that thermal inertia plays a critical role in the system’s dynamic behaviour during transient simulations.
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Chapter 2

Literature Review

This chapter provides an overview of current research in transient heat exchanger design and modelling,

focusing on recent advancements in the field. Early works for transient modelling started in the 1950s.

They mainly relied on analytical work with many simplifications and idealisations. In the 1980s, more

detailed analyses were conducted, and simultaneous ramps or steps on the boundary conditions were

studied. In the context of this thesis, works starting from the 80s are summarised.

2.1 Modelling Approaches
Different approaches exist for studying the dynamic response of heat exchangers to boundary condi-

tion changes. Analytical modelling methods use Laplace transformations and integral methods to solve

governing partial differential equations. These techniques aim to simplify and directly solve the govern-

ing equation system. On the other hand, numerical methods such as finite volume and finite difference

approaches provide a more detailed solution by solving balance equations representing the governing

physics. Although these numerical approaches offer higher fidelity than analytical methods, they come

with increased computational costs compared to analytical methods. At the end of the chapter, Table 2.1

provides a general overview of the literature.

2.1.1 Analytical Methods
Romie proposed an analytical solution for a co-flow heat exchanger using Laplace transformations [10].

The solution uses complex integrations of Bessel functions to calculate the exit fluid temperatures when

the inlet temperature for either fluid undergoes a sudden change. Romie’s analysis focuses on cases where

both fluids have the same residence time or are gases. However, this work does not address the spa-

tial temperature distribution along the heat exchanger. Also a simultaneous change in both sides’ inlet

temperatures are not considered. Instead, the study primarily examines the dynamic behaviour of exit

temperatures under transient conditions.

Gvozdenac developed analytical modelling approaches in two works utilizing Laplace transformations

for energy balance equations. In 1986, he analyzed the dynamic response of a single-pass crossflow heat

exchanger with unmixed fluids, both gases, under arbitrary time-varying inlet temperatures [11]. This

study presents analytical solutions for the temperatures of both fluids at the exit and the separating wall

temperature. The solutions account for an arbitrary initial temperature distribution within the heat ex-

changer core.

In 1987, Gvozdenac expanded his analysis to gas-to-gas co- and counterflow heat exchangers [12]. He

calculated transient temperature distributions of fluids and the separating wall and outlet temperatures

similar to his previous crossflow geometry work using an analytical method. The problem is reduced to

solving an integral equation. By applying approximations, Laplace transformations, and special functions,

Gvozdenac obtained solutions that are valid for cases where the thermal capacities of the fluids are neg-

ligible compared to the heat exchanger core, a condition met by gaseous fluids. This work is significant

because it allows for various input temperature changes, such as step, sinusoidal, or exponential functions.
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In 1992, Spiga and Spiga analysed the step response in a single-pass crossflow heat exchanger, con-

sidering the finite heat capacity of the wall [13]. Their study analytically determined two-dimensional

transient temperature distributions within unmixed fluids and the core wall, accounting for the finite

speed at which thermal disturbances propagate. These solutions were derived from local energy balance

equations, utilising Green’s functions and a threefold application of the Laplace transform. The transient

temperature field was computed with an initial condition of steady state and a step increase in the hot

fluid’s inlet temperature.

Analytical works summarised until this point focused on the inlet temperature ramps. In 2001, Abdel-

ghani-Idrissi et al. presented an analytical solution that focused on the transient response of a counterflow

double-pipe heat exchanger under a sudden change in the mass flow rate of hot fluid [14]. The system’s

transient behaviour was modelled using a first-order response approximation with a time constant. In

other words, the presented work assumed a solution type for the governing differential equations, and

based on the experimental data, they found the constants of this proposed solution. According to their

research, the time constant decreases linearly along the flow axis for hot fluids subjected to the flow

rate change. In contrast, the cold fluid, which does not experience a change in flow rate, exhibits two

distinct types of transient responses. In one case, the time constant increases linearly along the length

of the exchanger, while in the other, the time constant remains uniform. The analytical expressions were

validated by comparing them with experimental data, and they depend on the initial and final steady-

state conditions. The study also investigated how varying the magnitude of the flow rate step affects the

transient behaviour. Fluids are assumed incompressible, and both remain in a single phase before and

after the step change in this work. In 2006, Bagui and Chafouk expanded upon the work of Abdelghani-

Idrissi et al., focusing on co-flow heat exchanger geometry. Their study involved a numerical analysis to

determine the temperature time constants specific to this configuration [15]. Building on these findings,

they proposed an analytical solution to predict temperature profiles when a mass flow rate step occurs at

the hot fluid inlet.

In 2003, Yin and Jensen presented an analytical solution for a heat exchanger scenario where one

fluid maintains a constant temperature, indicating a two-phase flow, while the other fluid experiences

temperature changes along the heat exchanger, representing a single-phase flow [16]. They employed

integral methods and, similar to first-order approximation techniques, assumed a specific form for the

solution of partial differential equations. They derived the analytical function for two cases. In the first

case, a step temperature change was applied to the constant-temperature fluid while other properties

remained unchanged. In the second case, only the mass flow rate step was applied to the single-phase

fluid, and the corresponding temperature profile along the heat exchanger was calculated. This work is

notable as one of the earlier studies considering two-phase flow on one side of the heat exchanger. Also,

it is claimed in the paper that since they are considering phase change, those solutions can be applied to

all kinds of flow geometries. In 2006, Naterer and Lam expanded upon the work of Yin and Jensen by

addressing cases where convection coefficients vary and multiple-step changes in temperature occur for

two-phase heat exchangers [17]. Unlike Yin and Jensen, who did not account for varying heat transfer

coefficients, Naterer and Lam considered the impact of changing vapour fractions on the two-phase side,

directly affecting convection coefficients. They validated their analytical results using Yin and Jensen’s

earlier data, where heat transfer coefficient variations wereminimal. Also, they cross-checked their results

with numerical benchmarks generated through Modelica simulations.

In 2012, Regulagadda et al. addressed a unique scenario where the working fluid is initially bled into

the heat exchanger’s shell side while the heating fluid flows through the tubes [18]. As the heating fluid

raises the temperature, the working fluid’s pressure increases until a set threshold is reached, triggering

the release of the working fluid through an outlet valve. The authors developed a predictive model for

transient heat transfer in this setup, focusing on pressure-regulated gas outflow. Their approach involved

assuming a solution form for both fluids and the heat exchanger wall, similar to first-order approximation

and integral methods, but with the added complexity of incorporating time-varying NTU (Number of

Transfer Units) values into the model.

In 2017, Del Valle et al. introduced a quasi-steady modelling approach for heat exchangers in data cen-

tres designed to handle dynamic conditions [19]. They argued that the typical mass flow or temperature

variations in data centres occur slowly enough that a quasi-steady model offers a viable and less complex

alternative to full transient models. The heat exchanger considered by the group works with water and air,

and their model applies to the temperature changes made in the water inlet, not vice versa. This approach
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simplifies the analysis without significantly compromising accuracy. Additionally, the group developed a

criterion to determine when their quasi-steady analytical model is applicable, helping to identify the con-

ditions under which this simplified method can reliably be used instead of more computationally intensive

transient solutions.

In 2021, Yang et al. introduced a transient analytical model for heat exchangers with counterflow

geometries, using Laplace transformations to determine the temperature response for each fluid and the

separating wall [20]. They constructed their model by dividing the heat exchanger into individual cells.

Each one-cell block provides its dynamic response, which is put together to model the behaviour of the

entire heat exchanger network. The model provided output temperatures for both fluids and the wall.

However, it was best suited for small-scale heat exchangers and had limitations in accurately capturing

system dynamics, especially the response time of heat exchangers.

In their follow-up work in 2022, Yang et al. refined their model by expanding it with two-cell building

blocks, enhancing its ability to approximate the response time of single-phase heat exchangers with both

counter- and co-flow geometries [21]. The revised model maintained its foundation on Laplace trans-

formations, but the two-cell structure allowed for more precise adjustments of heat transfer coefficients,

significantly improving accuracy. Despite the added complexity, the model closely matched results from

numerical benchmarks and could handle a range of simultaneous inlet changes, including step, exponen-

tial, and ramp functions. By factorising the Laplace-transformed expressions into simpler components,

they avoided the complexities of Laplace inversion, achieving an average error reduction of an order of

magnitude compared to their previous model, mainly when dealing with simultaneous ramp inputs. For

both flow arrangements, they simulated two cases. In the first case, they changed the inlet temperatures

of both hot and cold fluids. In the second case, they changed both fluids’ inlet mass flow rate.

2.1.2 Numerical Methods
In 1984, Romie analysed the transient response of a counterflow heat exchanger to a step increase in the

inlet temperature of one fluid [22]. Using a finite difference method, Romie developed empirical equa-

tions that describe the exit temperature response as a function of four key parameters. These equations

are intended to be applicable across a good range of conditions relevant to various technical applications.

Eventually, these ranges proposed by Romie were criticised by Bunce in his thesis [23]. Also, Bunce

showed that Romie’s solution gives unrealistic temperatures for times less than one residence time. In

1995, Bunce offered a comprehensive literature review of early transient heat exchanger modelling, clas-

sifying existing works based on flow geometry (counter-, co-, cross-flow) [23]. Together with them, he

presented solutions for phase change cases found in the literature in which flow arrangement becomes

irrelevant. In his thesis, Bunce also developed a finite difference-based numerical model capable of sim-

ulating scenarios where one fluid undergoes a step change in inlet temperature. He validated his model

against established literature, examining cases where one fluid remains at a constant temperature due

to phase change while the other is single-phase. Also, comparisons for both fluid single-phase cases are

provided.

In 2005, Mishra et al. examined the transient behaviour of a single-pass crossflow heat exchanger,

including wall capacitance, where both fluids are unmixed and single-phase [24]. They numerically in-

vestigated the temperature responses under various perturbations, including step and ramp changes in

fluid flow rates and hot fluid’s inlet temperature. Their approach used an implicit finite difference for-

mulation to solve the energy conservation equations. The thermo-physical properties were considered

constant and uniform. For discretisation, they applied a forward difference scheme for the time deriva-

tives and an upwind scheme for the spatial derivatives. They solved the discretised equation system using

the Gauss-Seidel iterative technique. Silaipillayarputhur and Idem also investigated the step response of

a single-pass crossflow heat exchanger, similar to the study by Mishra et al. In 2005, Silaipillayarputhur

and Idem applied an implicit central finite difference method to solve the energy balance equations [25].

Their numerical analysis included scenarios where step changes in inlet temperature and mass flow rate

were applied to the minimum and maximum capacity rate fluids. A key distinction from Mishra et al.’s

work is that Silaipillayarputhur and Idem applied temperature step changes to the inlets of both fluids. In

contrast, Mishra et al. focused exclusively on step changes to the hot fluid’s inlet temperature.

In 2014, Gao et al. examined the transient temperature response of an unmixed-unmixed crossflow

heat exchanger used explicitly in data centre cooling systems [26]. Their model numerically solves the
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energy conservation equations to understand the heat exchanger’s behaviour under varying transient

boundary conditions—specifically, step, ramp, and exponential changes to the hot fluid’s inlet tempera-

ture. The study investigates how temperature ramp magnitude and duration variations affect the outlet

temperature response time. In their follow-up study, Gao et al. expanded on their initial research by

exploring crossflow heat exchangers’ dynamic response under varying inlet temperature and flow rate

conditions [27]. They analyse the transient responses for different scenarios, including combinations of

both hot and cold fluid flow rate changes and inlet temperature variations. They consider cases involving

step and linear ramp functions for flow rate variations together with step, ramp, and exponential changes

in fluid temperature.

In his 2020 thesis, Silva focuses on developing a numerical method for transient heat exchanger anal-

ysis, particularly in phase changes [28]. He utilises a distributed parameter approach, leading to a set

of partial differential equations that require numerical approximation due to their complexity. To en-

hance accuracy, Silva employs a high-order temporal scheme using the Explicit Singly Diagonally Implicit

Runge-Kutta (ESDIRK) method for transient terms and a first-order upwind method for convective terms.

The model also integrates the SIMPLE algorithm to couple mass flow and pressure. This finite volume

staggered grid discretisation approach aims to provide a more precise analysis of system startups and

shutdowns. Silva validates the methodology against both experimental and numerical data.

2.2 Outcomes of Literature Review
When we investigate the analytical models created in the literature, it is seen that most of the analytical

works studied simple geometries with counter- or co-flow arrangements. There are also some works con-

structed for single-pass crossflow arrangements. These works with simple geometries could be used as the

building blocks in the PreHEAT code’s cell-level hierarchy, which will be explained in the methodology

chapter. However, when we go through the details of the developed analytical solutions in the literature,

it is observed that those solutions are mainly developed for specific types of boundary condition changes.

For example, Romie’s analytical solution for the co-flow arrangement considers temperature inlet change

only on one side of the heat exchanger [10]. In another example, Spiga and Spiga considered only hot

fluid’s mass flow rate change and developed their analytical solutions for counterflow arrangement ac-

cordingly [13]. However, in many cases of transient behaviour analysis of aircraft evaporators, there are

simultaneous and combined boundary condition changes in both fluid side inlets. These combined bound-

ary condition changes are expected when an aircraft operational mode change scenario occurs. Hence, it

is not feasible to implement each analytical solution found in the literature as a separate switch case in

the cell-level hierarchy. In other words, the PreHEAT should be able to simulate when both fluids’ mass

flow and temperature values at the inlets change simultaneously. Unfortunately, none of the analytical

solutions considers such a combined boundary condition change scenario. As described in their paper,

Yang et al. claim that their solution can handle simultaneous inlet changes. However, it is only developed

for counter- and co-flow arrangements, excluding crossflow geometry, which is commonly encountered

in the cell-level hierarchy. Also, the documented analytical solutions for phase change heat exchangers

did not consider combined boundary condition changes. Another problem with the analytical solutions is

that many included complex integral functions due to the Inverse Laplace transform. Those integrals had

to be solved with numerical integration methods if those analytical solutions were used in the cell-level

hierarchy. Since it would be hard to create a holistic approach with the analytical methods, they are not

preferred to be applied in the cell-level algorithm.

Most of the numerical methods proposed in the literature used a finite difference approach. Instead

of modelling fluids with mass and momentum balance equations in each node, they focused on energy

balance equations in each control volume of fluids coupled with the heat exchanger wall. As an exception,

Hribernik andMoskwamodelled fluids with one-dimensional mass, momentum and energy equations and

coupled heat transfer through the wall [29]. Another distinguishing work was presented by Silva using

the Finite Volume Method in his doctorate thesis [28]. He also considered the proportions of the heat

exchanger with the phase change. He developed the balance equations on the phase change parts for both

gaseous and liquid phases, which is hard to implement considering the time limitations of this master

thesis. Those proposed numerical approaches considered the whole heat exchanger and solved the partial

differential equations at each node. However, the cell-based approach of the PreHEAT code has already
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divided the whole heat exchanger into cells with simple flow arrangement geometries, and those cells

propagate the fluid state information to the downstream neighbour cells. Hence, instead of applying a

numerical method to the entire heat exchanger as suggested in the literature, a numerical solution for

including wall thermal inertia will be inserted in the cell-level hierarchy, and the information propagation

between the cells will be handled separately. Themethodology will be explained in the following chapters.
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Model Year Authors Methods Validation Flow Geometry Fluid Phases

1 Analytical 1985 Romie [10] Laplace Transform - Coflow Single - Single

2 Analytical 1986 Gvozdenac [11] Laplace Transform - Crossflow Single - Single

3 Analytical 1987 Gvozdenac [12] Laplace Transform - Counter- and Coflow Single - Single

4 Analytical 1992 Spiga & Spiga [13] Laplace Transform - Crossflow Single - Single

5 Analytical 2001 Abdelghani-Idrissi et al. [14] First-Order Response Experimental Counterflow Single - Single

6 Analytical 2003 Yin & Jensen [16] Integral Numerical All Single - Two

7 Analytical 2006 Naterer & Lam [17] Integral Numerical All Single - Two

8 Analytical 2006 Bagui & Chafouk [15] First-Order Response - Coflow Single - Single

9 Analytical 2012 Regulagadda et al. [18] Time Varying NTU Analytical Coflow Single - Single

10 Analytical 2017 Del Valle et al. [19] Quasi-Steady NTU Experimental Crossflow Single - Single

11 Analytical 2021 Yang et al. [20] Laplace Transform Numerical Counter- and Coflow Single - Single

12 Analytical 2022 Yang & Tran [21] Laplace Transform Numerical Counter- and Coflow Single - Single

13 Numerical 1984 Romie [22] Finite Difference Analytical Counterflow Single - Single

14 Numerical 1995 Bunce [23] Finite Difference Analytical Counterflow Single - Single

15 Numerical 2000 Hribernik & Moskwa [29] Finite Difference Experimental Crossflow Single - Single

16 Numerical 2005 Mishra et al. [24] Finite Difference Analytical Crossflow Single - Single

17 Numerical 2012 Silaipillayarputhur & Idem [25] Finite Difference Numerical Crossflow Single - Single

18 Numerical 2014 Gao et al. [26] Finite Difference Analytical - Numerical Crossflow Single - Single

19 Numerical 2015 Gao et al. [27] Finite Difference Analytical - Experimental Crossflow Single - Single

20 Numerical 2020 Silva [28] Finite Element Numerical - Experimental Counterflow Single - Two

Table 2.1: Overview of Analytical and Numerical Methods in the Literature.
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Chapter 3

Theoretical Background

This chapter will outline the theoretical background of heat exchanger analysis, focusing on the primary

considerations for constructing a design tool for heat exchangers. Before delving into the mathematical

foundations, it is useful to begin with a visual representation to illustrate the transient dynamic response

of heat exchangers qualitatively. Such a showcase provides an intuitive understanding of what we aim

to model and offers insight into the overall dynamic behaviour of the heat exchanger. This qualitative

perspective lays the groundwork for a clearer comprehension of the general balance laws governing in-

dividual control volumes, which will be discussed later in the chapter.

We can consider a counterflow heat exchanger with no phase change to develop an intuition about

boundary condition change scenarios better. An increase only in the hot fluid’s inlet temperature, for

example, would increase temperature values at each point along the heat exchanger, except at the cold

inlet. Spatial points closer to the hot inlet would respond faster, showing more instantaneous temperature

changes. Another boundary condition change scenario could involve decreasing the hot fluid’s mass flow

rate. Assuming this reduction does not significantly affect the hot side convection coefficient, we would

observe a decrease in the hot side temperature values due to longer time experienced in the heat exchanger.

Hot side primarily exchanges heat with the wall separating cold and hot sides, which causes the thermal

inertia and absorbs heat released by hot side before transferring it to the cold side. In that time temperature

values on the hot side decreases. Once the temperature values on the hot side decreased, heat transfer

rate is less than initial steady state. Consequently, the cold fluid would experience a lower heating effect,

causing its temperature values along the heat exchanger to decrease compared to its initial state. These

effects are illustrated in Figure 3.1.

(a) Hot Inlet Temperature Increase. (b) Hot Inlet Mass Flow Rate Decrease.

Figure 3.1: Representative Temperature Evaluation in a Counterflow Heat Exchanger -I- .
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The y-axis represents temperature values in those figures, while the x-axis shows spatial position

along the heat exchanger. The hot side is represented by red, and the cold side is illustrated by blue. The

dotted lines indicate the initial steady state temperatures and solid lines represent the final steady state

after the BC change. In between those curves, dashed lines highlight a snapshot of how the temperature

values propagate from the initial steady state to the final steady state.

Similar boundary condition changes can be applied to the cold side inlet. For example, if the cold inlet

temperature is decreased, temperatures throughout the heat exchanger will drop on both sides, except at

the hot inlet. In this scenario, spatial points closer to the cold inlet react more quickly, reaching the final

steady state sooner than the rest of the exchanger. Another representative boundary condition change

involves reducing the cold fluid’s inlet mass flow rate. Assuming the cold-side convection coefficient

remains unchanged, this mass flow rate reduction increases cold-side temperatures due to prolonged resi-

dence time in the heat exchanger. This temperature increase is mainly attributed to heat transfer between

the wall and the cold side. As the heat absorbed in the wall is released more effectively to the cold side

due to longer heat exchange time, temperatures on the cold side increase. As the cold side temperature

rises, the overall heat transfer rate decreases, resulting in increased temperatures along the hot side as

well. Figure 3.2 illustrates these representative temperature changes.

(a) Cold Inlet Temperature Decrease. (b) Cold Inlet Mass Flow Rate Decrease.

Figure 3.2: Representative Temperature Evaluation in a Counterflow Heat Exchanger -II- .

Based on our observations of the transient behaviour of heat exchanger geometries, we can now es-

tablish the mathematical foundations for modelling the dynamic response within a heat exchanger design

tool. As described by Shah et al. in their book, heat exchanger problems generally fall into two main

categories: sizing and rating [30]. Sizing problems involve specifying the inlet and outlet conditions and

the flow arrangement to determine the optimal size needed for heat transfer. Rating problems, on the

other hand, involve fixed geometry and specified inlet boundary conditions; the objective is to calculate

the heat transfer rate and determine the outlet states. These are also referred to as design or simulation

problems [30]. The work presented in this thesis addresses a rating problem, aiming to simulate cases

with varying inlet boundary conditions. When developing a heat exchanger design tool, it’s essential to

prioritize accurately predicting total heat transfer and pressure drops. Detailed investigation of velocity

and pressure fields can be neglected in a preliminary design tool in order to reduce computational costs.

Therefore, the following sections will outline the appropriate assumptions and simplified process models

applied in this work.

To easily visualize a heat transfer scenario involving fluid flows, Figure 3.3 illustrates a coflow config-

uration. In this setup, two control volumes represent the hot and cold fluids, with a solid control volume

acting as the heat exchangerwall. Heat transfer occurs exclusively between the hot and cold fluids through

the wall, with no heat loss to the surrounding environment. Based on this illustration, the upcoming sec-

tions will examine these control volumes’ mass, momentum, and energy balances.
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Figure 3.3: Representative Control Volumes for a Coflow Arrangement.

The general balance law for a quantity in an arbitrary control volume can be stated as:

d

dt

∫
C

ψ dx = −
∫
∂C

F · n dσ +

∫
C

S dx (3.1)

This formula describes how the rate of change of the property, ψ, can occur via two mechanisms.

The first term on the right-hand side represents the in-/outflow across the control volume’s surface. The

property ψ may either decrease or increase based on the flux F. The second term on the right-hand side

accounts for the production or decay within the control volume, affecting ψ according to S. By applying

the divergence theorem, the flux term can be converted to a volume integral, transforming the equation

into:

d

dt

∫
C

ψ dx = −
∫
C

∇ · F dx+

∫
C

S dx (3.2)

This allows us to write the strong form, assuming ψ, F, and S are continuous and differentiable:

∂ψ

∂t
= −∇ · F+ S (3.3)

The flux term can be further divided into advective and diffusive transports, yielding the following

formulation:

∂ψ

∂t
+∇ · (ψv) = −∇ · J+ S (3.4)

Here, ψv represents advective transport related with the velocity vector v, and J denotes the diffusive,

often gradient-based term. This term will be explicitly defined in subsequent chapters according to the

type of balance law addressed. With this general balance law established, the following sections will

manipulate it according to the conserved property under consideration.

3.1 Mass Balance
For a mass balance, we can assume that S equals zero, as there is no production or decay of mass within

the control volume. Also, diffusive transport can be set to zero for a fluid control volume. For example, the

diffusive term in porous media may not be zero, but this case is not considered here. In a control volume,

it is convenient to work with the density, ρ, representing the mass per unit volume. Thus, we can write

the mass balance equation as:
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∂ρ

∂t
+∇ · (ρv) = 0 (3.5)

It is essential to note that applying a mass balance is particularly relevant for fluid control volumes.

In the case of a solid control volume, density can generally be assumed constant, simplifying the anal-

ysis. Consequently, mass conservation in solid regions typically does not require further consideration

in transient heat exchanger analysis. With that in mind, we can further simplify our geometry to a one-

dimensional space. For the fluid control volumes illustrated in Figure 3.3, the mass balance equation in

one-dimensional space can be written as:

∂ρ

∂t
+
∂(ρv)

∂x
= 0 (3.6)

where v is the velocity along the x direction. For a steady-state analysis, one can drop the first term and

point out that mass is conserved along the x direction, meaning the inlet mass flow should equal the outlet

mass flow. However, we are aiming to model a transient case. Thus, a non-dimensional version of this

mass balance equation would be beneficial for determining when a steady-state approach can be assumed,

even in a transient analysis. Accordingly, the following non-dimensional properties are introduced:

x∗ =
x

L
, t∗ =

t

∆t
, v∗ =

vtres
L

, ρ∗ =
ρ

ρref
(3.7)

Here, x∗ represents the non-dimensional position along the length of the heat exchanger, scaled by

the total length L. The term t∗ is the non-dimensional time, normalised by the time step ∆t used in the

transient simulation. The non-dimensional velocity v∗ is defined relative to both the length of the heat

exchanger and the residence time tres, which characterises the time taken for fluid to travel through the

heat exchanger in the flow direction. Finally, ρ∗ is the non-dimensional density, scaled by a reference

density ρref , which provides a baseline for comparing density changes throughout the analysis. When

we insert those terms into equation 3.6, we would get the following equation:

∂(ρ∗ρref )

∂(t∗∆t)
+
∂(ρ∗ρrefv

∗L/tres)

∂(x∗L)
= 0 (3.8)

Following, the constant terms are taken out from the derivatives. Hence, the following form occurs:

ρref
∆t

∂(ρ∗)

∂t∗
+
ρref
tres

∂(ρ∗v∗)

∂(x∗)
= 0 (3.9)

When ρref is cancelled out, and the whole equation is multiplied by the time step, ∆t, then we get

the non-dimensional form of the mass balance equation:

∂ρ∗

∂t∗
+

∆t

tres

∂(ρ∗v∗)

∂x∗
= 0 (3.10)

In this equation, we observe that if the ratio between the time step ∆t and the residence time tres
is sufficiently large, the time derivative term ∂ρ∗

/∂t∗ can effectively be neglected. This implies that a

steady-state assumption can be applied under these conditions, even in a transient model. The formula

for residence time is:

tres =
L

v
(3.11)

For the assumption ∆t/tres ≫ 1 to hold, the residence time tres should be small. Increasing the time

step ∆t is generally not feasible due to convergence issues during simulation. Therefore, to achieve a

smaller residence time, we need to reduce the length L of each cell by increasing the number of cells as

we discretise the geometry in the spatial domain. Hence, for a fluid control volume, we can simplify the

mass balance equation to the following dimensional form:

∂(ρv)

∂x
= 0 (3.12)
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This equation indicates that the mass flow rate is conserved across the control volume, meaning the

inlet mass flow rate equals the outlet mass flow rate:

A′′
crossρ

′′v′′ = A′
crossρ

′v′ (3.13)

In the following sections, we will suggest methods to calculate outlet pressure and temperature values;

hence, the outlet density information, ρ′′, will be known. Assuming that the cross-sectional area Across

remains constant and knowing the inlet value of ρ′v′ the outlet velocity v′′ can be calculated from the

mass balance as follows:

v′′ =
ρ′v′

ρ′′
(3.14)

3.2 Momentum Balance
Starting from the general momentum balance equation:

∂(ρv)

∂t
+∇ · (ρv ⊗ v) = ∇ · σ + ρb (3.15)

Here, the term, ∂(ρv)/∂t, represents the local change of momentum per unit volume. ∇ · (ρv ⊗ v)
indicates the flux of momentum into control volume due to advective transport. On the right-hand side,

∇ · σ is the force of the ambient continuous medium through its boundary, representing the diffusive

term. The last term, ρb, stands for the total mass force acting on the medium, such as gravitational force.

The flux of momentum due to advection can be expanded using the product rule:

∇ · (ρv ⊗ v) = ρ(v · ∇)v + (v · ∇)ρv (3.16)

Expanding the term, (v · ∇)(ρv), further with the product rule we get:

(v · ∇)(ρv) = ρ(v · ∇)v + v(v · ∇ρ) (3.17)

Substituting back, we get the term for the flux of momentum due to advection:

∇ · (ρv ⊗ v) = ρ(v · ∇)v + v(v · ∇ρ) + ρv(∇ · v) (3.18)

It is convenient to split the stress tensor σ into the pressure and viscous stress components:

σ = −pI+ τ (3.19)

where p is the pressure, I is the identity matrix, and τ is the viscous stress tensor. Taking the diver-

gence of σ gives:

∇ · σ = −∇p+∇ · τ (3.20)

Now, the expanded terms can be substituted into the general form of the momentum balance:

∂(ρv)

∂t
+ ρ(v · ∇)v + v(v · ∇ρ) + ρv(∇ · v) = −∇p+∇ · τ + ρb (3.21)

The time differential term can also be expanded with the product rule:

v
∂ρ

∂t
+ ρ

∂v

∂t
+ ρ(v · ∇)v + v(v · ∇ρ) + ρv(∇ · v) = −∇p+∇ · τ + ρb (3.22)

The left-hand side can be rearranged, and we get the following form:

ρ
∂v

∂t
+ ρ(v · ∇)v + v

(
∂ρ

∂t
+ v · ∇ρ+ ρ∇ · v

)
= −∇p+∇ · τ + ρb (3.23)

14



3.2. MOMENTUM BALANCE

It can be easily observed that the term in the parenthesis stands for mass balance equation in which the

term∇ · (ρv) expanded with the product rule. Hence, that term in parenthesis equals to zero. Therefore,

the momentum balance equation stands as such:

∂v

∂t
+ (v · ∇)v = −1

ρ
∇p+ 1

ρ
∇ · τ + b (3.24)

Similar to the non-dimensional analysis for mass balance, one can also conduct a non-dimensional

analysis for the momentum balance. Nevertheless, in the equation above, the term for the divergence of

the deviatoric stress, ∇ · τ , is still ambiguous. It causes frictional losses in the control volume and adds

many more terms to the momentum equation in a compressible flow. For the dimensional discussion, it

is essential to understand the effect of viscous terms compared to other terms. Hence, the assumption of

incompressible flow can be made together with the uniform spatial viscosity, which would result in the

following equation:

∂v

∂t
+ (v · ∇)v = −1

ρ
∇p+ ν∇2v + b (3.25)

Here, ν is the kinematic viscosity, the ratio of dynamic viscosity, µ, over density, ρ. So, the following
dimensionless terms can be used for the dimensional analysis:

v∗ =
vtres
L

, t∗ =
t

∆t
, ∇∗ = L∇, p∗ =

p

ρ0v2
, ν∗ =

νtres
L2

, ρ∗ =
ρ

ρ0
, b∗ =

bt2res
L

(3.26)

After inserting the dimensionless terms into the incompressible momentum equation, we would get

the following equation:

∂(v∗L/tres)

∂(t∗∆t)
+

(
v∗L

tres
· 1
L
∇∗

)
v∗L

tres
= − 1

ρ0ρ∗
1

L
∇∗(p∗ρ0v

2) +
ν∗L2

tres

1

L2
∇∗2

(
v∗L

tres

)
+

L

t2res
b∗

(3.27)

Once we get the appropriate terms out from the differentials, this equation is reached:

L

tres∆t

∂v∗

∂t∗
+

L

t2res
(v∗ · ∇∗)v∗ = −v2

L

1

ρ∗
∇∗p∗ +

L

t2res
ν∗∇∗v∗ +

L

t2res
b∗

(3.28)

We can furthermanipulate this equation bymultiplying it with t2res/L. Also, we can convert the velocity
square term before the pressure term as L2/t2res, when we think of it in one-dimensional space. So, as the

last form of our dimensional analysis, we get the following equation:

tres
∆t

∂v∗

∂t∗
+ (v∗ · ∇∗)v∗ = − 1

ρ∗
∇∗2p+ ν∗∇∗2v∗ + b∗

(3.29)

Similar to the mass balance, we get the dimensionless group tres/∆t in front of the transient term of

the momentum balance equation. Hence, we can drop the time derivative term with the smaller residence

time (tres/∆t ≪ 1), even in a transient modelling scenario. Assuming this condition, tres/∆t ≪ 1, holds in
our simulation settings, we can rewrite the momentum balance equation in such a form:

ρ(v · ∇)v −∇ · τ − ρb = −∇p (3.30)

In this form, one can observe that the pressure drop along the spatial dimension is related to three

terms. The first term of equation 3.30 is related to accelerational pressure drop, ∆pac, due to the com-

pressible effects of the velocity field. The second term is the frictional pressure drop, ∆pfr , due to the

viscous forces along the flow. The last term on the left-hand side represents the gravitational pressure

drop,∆pgr , due to body forces acting on the fluid control volume. Even with the dropped transient term,

solving this momentum balance equation would be computationally heavy in a compressible multi-phase

flow scenario. Therefore, empirical correlations can be implemented for those pressure drop terms. In a

one-dimensional control volume setting, the pressure drop calculation can be described as such [9]:
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3.3. ENERGY BALANCE

∆p = ∆pfr +∆pac +∆pgr (3.31)

Schmelcher et al. summarise equations from the literature to find those pressure drop components in

their paper [9]. Nirschl presents the formula for frictional pressure drop[31]:

∆pfr = ζa
ρu2

2
(3.32)

The pressure loss coefficient, ζ , changes according to the Reynolds number and surface roughness of

the pipe. In this thesis, pressure loss coefficients in the cells are calculated according to flow geometry

using the correlations found in the literature. The dimensionless coefficient, a, varies depending on the

flow type. For example, a = L/D for the inner pipe flow. In an external flow, more specifically parallel

flow along a tube bundle, dimensionless coefficient is calculated as a = L/Dh. Here, Dh stands for the

hydraulic diameter of the external flow cross-section. Next, one can calculate the accelerational pressure

drop using the following formula [32]:

∆pac =
ṁ

Across
·
(

1

ρ′′
− 1

ρ′

)
(3.33)

This pressure drop component is observed mainly in the superheating region where water evaporates,

and compressibility is effective along the flow direction. Lastly, the gravitational pressure drop can be

calculated as such:

∆pgr = ρg∆h (3.34)

Here, ∆h represents the height difference between the inlet and outlet of the pipe. Together with

those formulations, we can calculate the pressure drop in a cell for both fluids. Since the inlet pressure

values are known, one can subtract the calculated total pressure drop from the inlet pressure and get the

outlet pressure of the fluid control volume. As outlined in the mass balance section, two flow properties

are required to define the thermodynamic state of the fluid. Using the calculations presented here, we can

establish the outlet flow pressure. We need an additional fluid property to determine the necessary outlet

density for calculating velocity from the mass balance. The second fluid property can be derived from the

energy balance equation, which will be discussed in the following section.

3.3 Energy Balance
In the momentum and mass balance equations, it was unnecessary to consider the solid control volume

since there are no significant density or velocity changeswithin solids. However, the fluid and solid control

volumes need to be addressed for the energy balance equations, which require a general energy balance

formula applicable to all three control volumes. Various forms of the energy balance equation exist in the

literature and across different applications, potentially leading to confusion regarding which formulation

to use under specific circumstances. To clarify, we should first define internal (thermal) and total energy

separately. The total energy includes both kinetic (mechanical) energy and internal energy. Internal

energy per unit volume is given by ρe, where e represents specific internal energy. Similarly, kinetic

energy per unit volume is given by ρK , with K as the kinetic energy per unit mass. For incompressible

fluids or solid control volumes, it is often sufficient to consider only the internal energy balance, which

can be expressed as follows:

∂(ρe)

∂t
+∇ · (vρe) = −∇ · q+

i∑
i=1

q′ex,i (3.35)

The term ∂(ρe)/∂t describes the unsteady change of internal energy over time, while ∇ · (vρe) repre-
sents the advective transport of internal energy due to the motion of the fluid with velocity vector v. The
term −∇ · q accounts for the energy transfer by diffusion inside the control volume, where q is the heat

flux vector. Finally, q′ex,i denotes the external energy sources, such as heat transfer rate per unit volume

16



3.3. ENERGY BALANCE

between the control volume and its ambient due to temperature difference. In formulating the general bal-

ance law, we identified a source term, S, which accounts for heat generation within the control volume,

together with the advective and diffusive terms. The source term S is assumed to be zero for our configu-

ration ,and it’s important not to confuse Swith the last term on the right-hand side, q′ex,i. This term, q′ex,i,
represents external heat sources, which could alternatively be defined as boundary conditions. However,

for the control volumes depicted in Figure 3.3, adding q′ex,i directly into the internal energy balance is

convenient. Together, these terms encapsulate internal energy conservation, considering the effects of

unsteady variations, advective flow effect, diffusive transfers, and external terms.

Next, one canwrite the kinetic energy balance. It is similar to themomentum balance equation. Instead

of momentum per unit volume, kinetic energy per unit volume is conserved. One can substitute kinetic

energy per unit mass as k = 1/2(v ·v) into the momentum balance equations and would get the following

equation for the kinetic energy balance:

∂(ρK)

∂t
+∇ · (vρK) = ∇ · (σ · v) + ρg · v (3.36)

The term ∂(ρK)/∂t represents the unsteady rate of change of kinetic energy, while∇· (vρK) accounts
for the convective flux of kinetic energy. The diffusive term∇·(σ ·v) is related to the strain energy, while
ρg · v represents the effects of potential energy. We should add these two balance equations together to

get the total energy balance equation. Therefore, the total energy balance equation looks like this:

∂(ρe)

∂t
+
∂(ρK)

∂t
+∇ · (vρe) +∇ · (vρK) = −∇ · q+∇ · (σ · v) +

i∑
i=1

q′ex,i + ρg · v (3.37)

Similar to the momentum balance equation, one can write the stress tensor as σ = −pI + τ . So, the
total energy balance equation would look as follows:

∂(ρe)

∂t
+
∂(ρK)

∂t
+∇ · (vρe) +∇ · (vρK) +∇ · (pv) = −∇ · q+∇ · (τ · v) +

i∑
i=1

q′ex,i + ρg · v (3.38)

One can substitute specific internal energy with specific enthalpy by using the relation h = e + p/ρ.
So, the total energy balance using the specific enthalpy can be written as such:

∂(ρh)

∂t
+
∂(ρK)

∂t
+∇ · (vρh) +∇ · (vρK)− ∂p

∂t
= −∇ · q+∇ · (τ · v) +

i∑
i=1

q′ex,i + ρg · v (3.39)

While the specific enthalpy formulation is equivalent to the specific internal energy form, it may be

more practical in certain control volume calculations, especially when phase changes or chemical reac-

tions are involved. Commercial computational fluid dynamics (CFD) codes offer either approach to cover

the total energy balance, particularly for compressible flow cases. Using either total energy balance form,

onemust account for complex physics and the effects of multiple phenomena. These considerations are es-

pecially significant when dealing with a gaseous phase in the evaporator, as they improve energy balance

accuracy. However, this added precision increases computational costs. Given that the tool, PreHEAT, is

intended to generate quick results for preliminary design, we apply the incompressible flow assumption to

the energy balance equation. Therefore, we work with the internal energy balance, as presented in equa-

tion 3.35, which neglects kinetic effects within the control volume. With equation 3.35, one can develop a

methodology to calculate the internal energy changes in each time step. However, the temperature field is

often solved in many applications instead of specific internal energy for practicality. The specific internal

energy, e, can be related to the temperature T via the specific heat capacity at constant pressure, cp, as
shown in the following equation:

e = cpT (3.40)

Hence, one can rewrite the internal energy balance with the temperature term as such:
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3.3. ENERGY BALANCE

∂(ρcpT )

∂t
+∇ · (vρcpT ) = −∇ · q+

i∑
i=1

q′ex,i (3.41)

In this equation, the diffusive term can be expanded using Fourier’s Law. Accordingly, heat flows from

a hot point to a cold point at a rate proportional to the temperature gradient and the material’s thermal

conductivity, k:

q = −k∇T (3.42)

In the internal energy balance, there can be confusion between the diffusive term and external heat

transfer between the ambient and the control volume. For a control volume, q′ex,i is related to the con-

vection heat transfer between the ambient and control volume in most heat exchanger applications. In

the following equation α stands for the heat transfer coefficient, which is generally calculated using the

empirical correlations found in the literature:

q′ex,i =
α

L
(Tambient − T ) (3.43)

On the other hand, the diffusive term represents heat propagation of the fluid particles by touching

each other. It is easy to think about this diffusive term in a solid control volume like a rod, in which heat

is transferred from the hot side to the cold side. Nevertheless, this term can also be effective in a flow

situation, and a dimensional analysis will be conducted to understand when to neglect this diffusive term

in a flow. Of course, q′ex,i can be related to other forms of heat transfer, such as radiation, but in this

discussion, q′ex,i will only be thought of in the form of convection heat transfer as stated above. Next,

one can substitute diffusive term and external heat transfer rate per unit volume into the internal energy

balance equation for a fluid control volume to get the following form:

∂(ρcpT )

∂t
+∇ · (vρcpT ) = ∇ · (k∇T ) + α

L
(Twall − T ) (3.44)

For a simple dimensional analysis, we assume material properties such as density, specific heat capac-

ity, and thermal conductivity do not change significantly with time and space. In that case, we get the

following form of the energy balance equation:

ρcp

(
∂T

∂t
+∇ · (vT )

)
= k∇2T +

α

L
(Twall − T ) (3.45)

In this equation, one can introduce thermal diffusivity, κ:

κ =
k

ρcp
(3.46)

Hence, the following internal energy balance equation can be written:

∂T

∂t
+∇ · (vT ) = κ∇2T +

α

Lρcp
(Twall − T ) (3.47)

In this equation, one can extend the second term of the left-hand side with the product rule:

∂T

∂t
+ (∇ · v)T + v · (∇T ) = κ∇2T +

α

Lρcp
(Twall − T ) (3.48)

Due to the incompressible flow assumption, the divergence of the velocity field, ∇ · v, equals zero.
The remaining terms can be rearranged to this form in one-dimensional space:

∂T

∂t
+ u

∂T

∂x
= κ

∂2T

∂x2
+

α

Lρcp
(Twall − T ) (3.49)

The following non-dimensional groups can be used for a dimensional analysis:

θ =
T − Twall

Tref − Twall
, t∗ =

tκ

L2
, x∗ =

x

L
, u∗ =

u

uref
(3.50)
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Inserting the non-dimensional groups into the internal energy balance, and cancelling out Tref−Twall

from each term, we get:

κ

L2

∂θ

∂t∗
+
uref
L

u∗
∂θ

∂x∗
=

κ

L2
u∗

∂2θ

∂2x∗
− α

Lρcp
θ (3.51)

We canmultiply each termwith the L2/κ, and insert thermal diffusivity asκ = k/ρcp to get the following
form:

∂θ

∂t∗
+
urefρcpL

k
u∗

∂θ

∂x∗
= u∗

∂2θ

∂2x∗
− αL

k
θ (3.52)

The following dimensionless groups, Peclet (Pe) and Nusselt (Nu) can be observed in the above equa-

tion. Those dimensionless groups help describe when to prioritise advective or external heat source terms

compared to diffusive terms.

Pe =
urefρcpL

k
, Nu =

αL

k
(3.53)

Therefore, we can rewrite the internal energy balance equation in such a form:

∂θ

∂t∗
+ Pe

(
u∗

∂θ

∂x∗

)
= u∗

∂2θ

∂2x∗
−Nuθ (3.54)

With this non-dimensional form of the internal balance equation, we can assume that the diffusive

term along the flow dimension is negligible when the conditions Pe ≫ 1 and Nu ≫ 1 hold. In our

aircraft evaporator design cases, these are reasonable conditions for a fluid control volume. Therefore,

the diffusive term along the flow direction of the energy balance equation can be dropped. With this

assumption, we can write the internal energy balance for fluid control volumes of hot and cold sides as

such:

∂Th
∂t

+ u
∂Th
∂x

=
αh

Lρcp
(Twall − Th) (3.55)

∂Tc
∂t

+ u
∂Tc
∂x

=
αc

Lρcp
(Twall − Tc) (3.56)

The internal energy balance equations for fluid control volumes indicate a relation between external

heat transfer rate and unsteady and advective terms. The influence of the unsteady term scales with 1/∆t,

where ∆t is the simulation time step. On the other hand, the advective term’s effect scales with the

residence time expressed as u/L = 1/tres. These scaling factors suggest a framework for determining heat

transfer and temperature distribution within a heat exchanger. By considering the relative magnitudes of

1/∆t and 1/tres, we can create a methodology to evaluate heat transfer rates and temperature at specific

points in the heat exchanger.

These equations 3.55 and 3.56 are valid for fluid control volumes in which incompressible flow con-

dition holds. However, we should not expect any velocity-related advective heat transfer for the solid

control volume. Also, the diffusive term neglected for fluid control volume is now effective and plays a

crucial role in modelling the thermal inertia of the wall. One can observe that the thermal diffusivity, κ,
decreases with the wall’s higher specific heat capacity or density. Hence, the dynamic response of the

heat exchanger becomes slower. Moreover, the solid control volume has two external heat transfer terms,

as indicated in Figure 3.3. Hence, without any explicit dimensional analysis, we can write the internal

energy balance equation for solid control volume in one-dimensional space with such formula:

∂Tw
∂t

= κ
∂2Tw
∂2y

+
αc

L
(Tc − Tw) +

αh

L
(Th − Tw) (3.57)

In the energy balance equations for the fluid and solid control volumes, we chose different spatial

discretisation directions to reflect the dominant heat transfer mechanisms in each region. In Figure 3.3,

the main flow direction for the fluid control volume is along the x-axis, where advective heat transfer is

dominant; therefore, spatial discretisation is applied along this axis. In contrast, the primary heat transfer
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occurs through diffusion, which is most significant along the y-axis for the solid control volume. To em-

phasise this difference, we used y-axis discretisation for the solid control volume, and x-axis discretisation

for the fluid control volume, highlighting each region’s distinct heat transfer characteristics.

Based on the scaling insights observed in equations 3.55 and 3.56, fluid temperatures at the cell outlet

for both sides will be calculated with amethodology proposed in the next chapter. Also, the thermal inertia

of the heat exchanger wall will be represented by solving equation 3.57 with a finite difference method.
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Chapter 4

Methodology

This chapter delves into the concepts developed and their code implementations in detail. Understanding

the existing work on PreHEAT, including code architecture and methodologies, is essential for extend-

ing the tool to handle transient calculations. Previously, PreHEAT could calculate steady-state solutions

structured within a two-level hierarchy: the Cell Level and the Heat Exchanger Level. The first section

of this chapter will explain the details of cell-level iterations (lower hierarchy) and heat exchanger-level

iterations (higher hierarchy) and their convergence criteria. Following the overview of the code’s general

architecture, the second section will describe how this structure has been modified and adapted to enable

transient analysis.

4.1 Cell-Based Approach in PreHEAT
The first level of the hierarchy is at the cell level. The PreHEAT has routines for solving the P-NTU

method at each cell. The cell-level convergence criteria involve getting closer to the initial guess of the

heat transfer rate in one cell. The algorithm used to calculate output temperatures, pressure drops, heat

transfer rates, and convergence criteria will be explained below. The second level of the hierarchy is

at the heat exchanger level, considering the configuration of each cell in a flow geometry. Output fluid

properties are assigned as downstream cell’s input values in the flow direction for the corresponding fluid

side. For convergence in the heat exchanger level hierarchy, the output fluid states of the upstream cell

should closely match the input fluid states of the downstream cell after a finite number of iterations.

4.1.1 Cell Level Hierarchy
As mentioned earlier, there are a lot of analytical methods one can utilize for a steady state calcula-

tion. However, even for steady-state methods like P-NTU (Temperature effectiveness-Number of Transfer

Units) or Logarithmic Mean Temperature Difference (LMTD), it is essential to divide the whole heat ex-

changer into cells so that the physical assumptions made for such methods can remain valid for each cell.

The PreHEAT tool applies the P-NTU method to each cell. In this part, the general algorithm in imple-

mentation is explained without going into details of the P-NTU method since it is not the focus of the

thesis. A general scheme of the algorithm is provided in Figure 4.1. This iterative scheme starts guessing

the heat transfer rate, Q̇, from the hot fluid to the cold fluid and pressure drops in both fluids along the

flow direction. It is shown in the theoretical background that the mass balance of a steady flow indicates

that the inlet mass flow is equal to the outlet mass flow in a fluid control volume. Also for a fluid control

volume, we can assume specific heat capacity does not change significantly. With these two assumptions,

heat transfer rate from hot fluid control volume to the cold fluid control volume can be calculated with

the P-NTU method as such[30]:

Q̇ = P1(ṁcp)1∆Tmax = P2(ṁcp)2∆Tmax (4.1)

Here, P is the non-dimensional temperature effectiveness and it needs to be found by empirical cor-

relations. ∆Tmax shows the inlet temperature difference of two fluid control volumes.
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Guess: Q̇, ∆p1,∆p2

T
′′
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′′
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2
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wall =? T

i
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Figure 4.1: Flowchart of Iterative Algorithm for Heat Transfer Calculation in Cell Level Hierarchy.

Hence, after guessing the heat transfer rate and pressure drops, one can calculate the outlet tempera-

tures for both fluids. It should be stressed that in these calculations, inlet fluid states are known for both

fluids. Followingly, the average temperatures of fluids are calculated from the inlet and outlet tempera-

tures:

T 2 =
T

′

2 + T
′′

2

2
, T 1 =

T
′

1 + T
′′

1

2
(4.2)

These average fluid temperatures, together with the wall temperatures on the corresponding side, are

used in frictional pressure drop coefficient correlations and convective heat transfer coefficient correla-

tions. Implemented correlations are not provided here since they are insignificant for understanding how

the algorithm works. However, they can be chosen according to geometry, flow conditions and fluid prop-

erties from the literature. With the inner and outer wall temperature guess, the algorithm enters the inner

loop and starts calculating heat transfer coefficients α1, α2, and the Number of Transfer UnitsNTU . One

needs to find the overall heat transfer coefficient, U , to calculate NTU for both sides in this cell. The

overall heat transfer coefficient U1 referred to fluid side 1 is given in Eq.(4.3):
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1

U1
=

1

(η0α)1
+

1

(η0αf )1
+RWA1 +

A1/A2

(η0αf )2
+
A1/A2

(η0α)2
(4.3)

Here, A1 and A2 represent heat transfer surface areas on the inner and outer sides of the tube. η0
is the extended surface efficiency, whereas αf is each fluid side’s fouling heat transfer coefficient. In

the implementation, those fouling resistances are neglected. RW is the wall thermal resistance, which

is calculated in equation 4.4 for a single-layer tube, with outer diameter do, inner diameter di, thermal

conductivity kW , and tube length L [9].

RW =
ln(do/di)

2πkWL
(4.4)

After having overall heat transfer coefficients from both fluid sides, the NTU calculation looks like

this:

NTU1 =
U1A1

ṁ1cp1
, NTU2 =

U2A2

ṁ2cp2
(4.5)

In the inner loop, as the last step, Newton’s Law of Cooling is reordered and applied to find out wall

temperatures again:

T 1
wall

= T1 +
Q̇

α1 ·A1
, T 2

wall
= T2 −

Q̇

α2 ·A2
(4.6)

This inner loop is essential for working with correct film temperatures in heat transfer coefficient

correlations. In each iteration, guess wall temperatures are replaced with the calculated wall temperatures

in the VII. step until the maximum number of iterations is reached or the differences between the guessed

and calculated wall temperatures are less than a previously specified toleration. The algorithm continues

with calculating heat transfer rate Q̇ and pressure drops for both fluids. This step calculates the heat

transfer rate using the P-NTU method. The heat transfer rate Q̇ is given by the relation [30]:

Q̇ = P1C1∆Tmax = P2C2∆Tmax (4.7)

Here, P represents the temperature effectiveness for fluid 1 or 2. C = ṁcp represents the heat capacity
rate for fluid 1 or 2. The inlet temperature difference is the maximum temperature difference:

∆Tmax = T ′
h − T ′

c (4.8)

Here, T ′
h is the inlet temperature of the hot fluid, and T ′

c is the inlet temperature of the cold fluid. P
values are calculated with empirically and analytically found functions, ϕ, according to NTU, ratio of heat
capacity rate ratios, R1 = C1/C2, R2 = C2/C1 and flow arrangement [30]:

P1 = ϕ1 (NTU1, R1, flow arrangement) (4.9)

P2 = ϕ2 (NTU2, R2, flow arrangement) (4.10)

Shah et al. summarize many empirical correlations for the calculation of P values in different flow

arrangements [30]. Pressure drops are calculated using the formula given in the equations 3.32, 3.33 and

3.34. If the estimated heat transfer rate and pressure drops deviate from the calculated values by more

than a previously specified tolerance, they are replaced with the calculated values, and the process re-

peats. Cell-level hierarchy enables us to do two things. First, we can easily find the appropriate heat

transfer coefficient correlations and pressure drop correlations for a simple geometry. Every cell can have

a flow geometry of counterflow, co-flow, or crossflow. In our notation, fluid side 1 represents cold fluid,

which is thought to be the internal flow in a pipe, and fluid side 2 represents hot fluid, which is thought to

be the flow around the pipe. In such simple geometries, empirical correlations can be found in the litera-

ture for preheating, evaporating and superheating regimes. Second, the physics governing the processes

is captured correctly for steady-state calculations. Instead of solving momentum balance equation nu-

merically, the empirical pressure drop correlations calculate pressure drop along the 1-dimensional flow
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directions, which is more critical in heat exchanger design than the exact velocity profiles. Moreover, the

P-NTU method is an algebraic solution for energy balance equations for both fluids in steady-state. The

P-NTUmethod includes the wall’s thermal resistance as it can be seen in equation 4.3. However, wall is in

a thermal equilibrium. Hence, if a new input fluis state is provided in the cell boundary, calculated outlet

fluid states with P-NTU method are based on the instant transfer of thermal energy from one side to the

other. Heating or cooling of the wall until reaching a thermal equilibrium is neglected. This is not suitable

for analysing the transient response of the heat exchanger. The thermal inertia of the wall should not be

neglected for correctly capturing dynamic response. Hence, a proposal for the cell-level hierarchy will be

discussed in section 4.2.3. The following section will explain how those cells are brought together in the

heat exchanger-level hierarchy.

4.1.2 Heat Exchanger Level Hierarchy
In the previous section, we explained how to create the fundamental building blocks of heat exchanger

analysis, called cells. After this, we need to assemble these cells in a specific geometric pattern. The

outlet fluid state information from one cell should be passed on to the inlet fluid state information of the

downstream cells. Figure 4.2 demonstrates an arrangement for cross-counterflow geometry at the heat

exchanger level.

Cell 1 Cell 2

Cell 3 Cell 4

Cell 5 Cell 6

ṁ1, T
′
1, p

′
1

ṁ1, T
′′
1 , p

′′
1

ṁ2, T
′′
2 , p

′′
2

ṁ2, T
′
2, p

′
2

Figure 4.2: Heat Exchanger-Level Configuration of Cells in a Cross-counterflow Geometry.

An iterative scheme is essential to compute the outlet fluid states accurately. Beginning with Cell 1

for Fluid 1, we assign the known inlet conditions to the fluid state values at all inlet and outlet points

along the tube for Fluid 1. Similarly, Fluid 2’s inlet state values are initialised at all corresponding inlet

and outlet points. Once the initialisation complete, we proceed to the cell-level calculations. For Cell 1,

we determine the outlet states of both fluids, which typically results in differences between the calculated

and initialised outlet states. These differences are then captured in an error vector. As the calculated

outlet values for Fluid 1 from Cell 1 are updated, the algorithm assigns these revised inlet values to Cell 2

for Fluid 1. This process continues along the direction of Flow 1 until the last cell in the tube is reached.

Subsequently, the algorithm switches to Fluid 2 and begins calculations from its starting nodes, such as

Cells 5 and 6 in the referenced figure. The error vector norm is evaluated in each iteration, with iterations
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continuing until the error norm falls below a specified tolerance. The pseudo-code for this bidirectional

heat exchanger-level algorithm is outlined in Algorithm 1.

The two-dimensional configuration presented in Figure 4.2 can be extended to the third dimension by

distributing the mass flow according to the number of passages along the third dimension. The Cell-Based

Approach allows to design and analyse heat exchangers rapidly and accurately in steady state.

Algorithm 1 Heat Exchanger Level Bi-Directive Iterative Calculation

1: Input: Initial inlet fluid state for Fluid 1 and Fluid 2

2: Output: Final outlet fluid states for all cells

3: Initialize inlet fluid state values for all cells:

Assign inlet Fluid 1 state to all Fluid 1 ports

Assign inlet Fluid 2 state to all Fluid 2 ports

4: while error norm > tolerance do
5: Step 1: Calculate Outlet States
6: for Cell i = 1 to last cell in Flow 1 direction do
7: Compute outlet fluid states using inlet states

8: Add difference between computed and previous iteration outlet states to error vector

9: Update inlet fluid states of downstream cells

10: end for
11: Step 2: Calculate Outlet States
12: for Cell j = 1 to last cell in Flow 2 direction do
13: Compute outlet fluid states using inlet states

14: Add difference between computed and previous iteration outlet states to error vector

15: Update inlet fluid states of downstream cells

16: end for
17: Compute the norm of the error vector

18: end while
19: Result: Final outlet fluid states for Fluid 1 and Fluid 2

4.1.3 Mesh and Connector Concepts in PreHEAT
The code architecture is designed to integrate both hierarchy levels seamlessly. There is an object called

mesh in PreHEAT. In the conventional computational literature, the mesh is known only as the discreti-

sation of geometry, and it involves the coordinate information of nodes after discretisation is applied. In

the context of PreHEAT, the mesh object contains two pieces of information. First, information on each

cell’s geometry and its position in the flow arrangement is written on the mesh. Second, this object saves

the fluid state results of each cell’s inlet and outlet ports for both fluid sides after the calculation. This ex-

planation is necessary to understand what a mesh means in the PreHEAT context. The upcoming section

explains how a mesh is used as a building block for the transient analysis.

Another critical building block also for transient analysis is connector objects. Those objects are

terminals between two neighbour cells. Figure 4.3 shows a representation of the connector objects. In

steady-state calculations, those connectors between cells help directly couple the outlet and inlets of two

neighbour cells. They are primarily essential for geometry to build up, and they let the algorithm go in

the correct direction by defining and holding the information of upstream and downstream cells. The

upcoming section explains how the connectors are used for the transient modelling.

4.2 Development of Transient Modeling
In this thesis, the response of the heat exchanger must be analysed under dynamically changing boundary

conditions. As a starting point for the transient modelling, the initial idea was to use the existing steady

solver of PreHEAT to assess how different the current model’s results are from the desired dynamic re-

sponse. For this purpose, the solver was executed in a loop with varying inlet boundary conditions. The

first observation was that the changes in the inlet boundary conditions had an immediate and direct
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Connector Object

Connector Object

Figure 4.3: Connectors Between the Neighbour Cells.

impact across the entire heat exchanger, as expected from a steady solver. Therefore, if a similar code

structure is to be used for transient modelling, an algorithm to decelerate information propagation needs

to be implemented. The second observation from the algorithm described in the previous section was that

the thermal inertia of the wall between the hot and cold fluids was neglected. As a result, any change in

the inlet fluid state of a cell was immediately reflected at the outlet of the cell due to the P-NTU method

employed in the cell calculations. However, even though the wall in aero engine applications might be

thin, its mass would slow heat transfer from the hot side to the cold side. The wall must first absorb heat

and become warmer before transferring heat to the cold side if the wall is cold. If the wall is hot, then it

must be cool down first, before it is able to transfer heat from the hot side to the cold side.

These two aspects could be addressed within two distinct hierarchical levels of the existing model. In

the following sections, I will first describe the additional objects that must be implemented in the code to

account for information propagation deceleration and wall thermal inertia. Afterwards, the deceleration

of information propagation will be explained using the scales of simulation time step and residence time

of the cells at the heat exchanger level. Finally, I will detail how the P-NTU method is replaced by a one-

dimensional finite difference transient conduction method with Neumann boundary conditions to model

wall thermal inertia at the cell level.

4.2.1 Conceptual Framework
The existing steady-state solver used a mesh object, which contains both the geometry and simulation

results, as described in Section 4.1.3. In the transient modelling, each mesh represents a single time step

of the dynamic simulation. At each time step, the inlet boundary conditions of the heat exchanger can be

modified, which is necessary formodelling transient boundary condition changes. Based on this approach,

one needs to implement two additional objects in the code: a ramp object, which models the interpolation

of fluid states between operational points at each time step to account for changing boundary conditions,

and a mesh list object, which stores the sequence of time steps (meshes) for the transient simulation.

A demonstration of how the ramp object outputs fluid state vectors at each time step is provided in

Figure 4.4. In this figure, two transition regions with three operational points are demonstrated. Each op-

erational point is specified with a fluid state (FS) vector. A fluid state vector holds six values representing

an operational point: mass flow rate, temperature, pressure, vapour quality, fuel-to-air ratio (FAR), and

water-to-air ratio (WAR). The last two values are crucial for modelling exhaust gas, which is the hot fluid

in the aircraft evaporator. The fluid state vectors and start and end value vectors are given to the ramp

object for all operational points of each fluid. Additionally, the transition profile can be defined as either

linear or quadratic. Based on the simulation time, the ramp object either returns a fluid state vector directly

or interpolates between two consecutive fluid state vectors according to the specified interpolation profile

and then returns the interpolated vector. Interpolation between two fluid states refers to interpolating

each parameter of the fluid state vector. For instance, the mass flow rates of the two operational points
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are interpolated with each other; the temperatures are interpolated between themselves, and so forth for

the remaining parameters. Moreover, those inlet ramps can be defined separately on the hot and cold

side. This allows to model various failure scenarios. For instance, a water pump failure can be modelled

by introducing a sudden drop in water pressure while keeping the exhaust gas inlet values constant.

t [s]

Fluid 1 Inlet States

start[0]
end[0]

start[1]
end[1]

FS1[0]

FS1[2]

FS1[1]

Figure 4.4: State Transitions Over Time for Fluid 1 Inlet States with Ramp Object.

A potential limitation of the ramp object arises when attempting to model different ramp lengths for

one fluid’s different fluid state parameters, both starting from the same initial point. This specific scenario

cannot be accurately represented with the current object design. However, despite this limitation, the

ramp object is considered sufficient for the research objectives of this thesis.

Another critical object for developing a transient model is the mesh list, which stores each mesh as a

time step of a dynamic simulation. The mesh list serves two essential purposes. First, it allows transient

boundary conditions to be defined at each time step using the ramp object, enabling the inlet fluid state

information to propagate through the heat exchanger according to a proposed algorithm, which will be

detailed in Section 4.2.2. This algorithm ensures that changes in the inlet fluid state do not have an im-

mediate effect throughout the evaporator but are subject to delayed propagation. Second, the mesh list

is essential for reaching fluid state information from previous time steps, which is necessary for build-

ing a transient model both at the heat exchanger hierarchy level and the cell hierarchy level. With this

object, one can reach previous time steps, allowing access to stored simulation results for corresponding

spatial points. The mesh list object also holds a vector of time step lengths for each simulation step. If a

convergence issue arises in the solver, the code dynamically adjusts the time step length and updates the

vector with the new value for that specific step. This functionality is a basis for more advanced dynamic

time-stepping algorithms that can be implemented in future work.

Within the scope of the conceptual framework, an additional modification has been made to the code.

As introduced in Section 4.1.3, the connector object is used between cell objects to define the geometry and

establish the order of connections between cells. These connectors specify which two cells are connected

and on which fluid side the connection is made. The connector objects have been overloaded for transient

modelling purposes to include fluid states. Although these connector fluid states are not physical, they

function as ghost nodes for information propagation along the evaporator. Their fluid state values are

directly coupled with the downstream cell’s inlet fluid state in each iteration but may differ from the

upstream cell’s outlet fluid state. The method for calculating the connector fluid states will be detailed in

Section 4.2.2.

4.2.2 Information Propagation with Residence Time
In the literature review, results found for the dynamic response of heat exchangers have shown a cor-

relation between fluid velocity and information propagation of transient boundary changes [33]. In a

discretised geometry, each volume or cell has a specific residence time in the direction of fluid flow. Res-

idence time can be understood as the average time a fluid particle spends in a particular cell or finite

volume. In one-dimensional pipe flows, residence time can be calculated using the formula provided in
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equation 3.11. Each cell of the heat exchanger has two residence times from the hot and cold sides of

the cell. The correlation between residence time and dynamic response can be understood from such an

example. Let us assume we have a long pipe in an application. An inlet temperature change of this pipe

causes different heat transfer rates and temperature values along the pipe. However, the cells at the last

part of the long tube are affected by this inlet temperature change later. With a slower flow velocity along

the corresponding fluid direction, dynamic effects will start to be observed later at the end of the tube. It

is thought that by using the residence time of each cell, one can decelerate transient information prop-

agation from the inlet boundary along the tube with a specific algorithm. At this point of methodology

development, one important assumption must be made. As described in the previous example, tempe-

rature change information propagates with a delay related to the cells’ residence times and heat transfer.

However, the mass flow rate change affects immediately every cell along the flow direction with an in-

compressible flow assumption. It is known that this assumption is not true after the water’s evaporation

occurs on the heat exchanger’s cold side. Nevertheless, since PreHEAT is a preliminary design tool, this

assumption was considered tolerable for the methodology development and still helps to understand the

estimated dynamic response times of complex aircraft evaporator geometries. Also, residence times are so

small on the hot side of aircraft evaporator applications due to high velocity that a mass flow rate change

can be considered directly effective for all cells along the flow direction of hot exhaust gas.

Another essential aspect of heat exchanger modelling is pressure drop calculations. In the theoretical

background chapter, formula for different type of pressure drop components are provided. From those

pressure drop components, frictional and accelerational pressure drops dominate the total pressure drop

in high mass flow rate applications. So, due to the assumption of the direct impact of mass flow rate

changes along the tube, pressure drop and pressure information are also propagated directly in each cell.

The methodology should cover inlet boundary changes in mass flow rate, temperature, pressure, FAR

and WAR. However, any algorithm using temperature directly may encounter issues, especially during

phase changes. Since temperature remains constant during the phase change, one cannot propagate

boundary change information appropriately using temperature. On the other hand, the specific enthalpy

of fluid continues to change during the phase change. Hence, it is decided to use enthalpy flows while

propagating transient boundary condition change:

Ḣ = ṁh (4.11)

where h represents the specific enthalpy of the fluid. Enthalpy flows in the inlets or outlets of the

cells can be good building blocks for information propagation. In section 4.2.1, the mesh list object and

connector states are explained, and their functionalities are described. While transferring fluid states

between connected cells, previous time steps and associated fluid and connector states are reached from

the mesh list object. Let us assume a counterflow configuration with two cells, as shown in Figure 4.5.

In this figure, the cold side is represented by blue, and the hot side is illustrated by red. For a transient

calculation, we can focus on only one side to describe how to calculate connector fluid states between the

upstream cell’s outlet and the downstream cell’s inlet. For the cold side, Cell 1 is the upstream cell and

Connector 1 is the related connector.

Figure 4.5: Example Configuration for Counter-flow with Cells and Connectors.

The proposed concept involves a fluid flow system where the fluid state within the connector may
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differ from the outlet state of the upstream cell. In each time step, the fluid states of the upstream cell are

computed, and the connector’s fluid state is determined separately. Fluid state information propagated

to the downstream cell comes from the connector fluid state. With the incompressible flow assumption,

the upstream cell’s outlet pressure is assigned directly to the connectors and downstream cells. So, we

need one more property to define the connector fluid state, as one needs two properties to fix a thermody-

namic fluid state. The second property is chosen as specific enthalpy due to phase change considerations

mentioned above. After working with a benchmark model, which will be discussed in Chapter 5, such a

weighted average calculation for the connector state’s specific enthalpy can be proposed:

hn
con

=

hn−1
con

ṁn−1
con

∆t
+
hn
up
ṁn

up

tn
res, up

ṁn−1
con

∆t
+

ṁn
up

tn
res, up

(4.12)

Specific enthalpy and mass flow rate superscripts represent time steps in this notation. The subscripts

con or up distinguish if the property belongs to a connector fluid state or upstream cell’s outlet fluid state,

respectively. ∆t is the simulation time step, and tres, up is the residence time of the upstream cell for the

corresponding fluid side. Intuition of using the scales 1/∆t and 1/tres for the weighted average calculation
of the specific heat property is based upon the energy balance equations 3.55 and 3.56. Over there, it was

shown that the information from the previous time should be scaled with the simulation time step, 1/∆t.

Similarly, the information from the previous spatial location should be scaled with the residence time,

1/tres. With this formula, two things can be achieved. First, if there is a combined change in the mass flow

rate and specific enthalpy of the upstream cell, the connector fluid state’s specific enthalpy will change

accordingly faster due to a higher mass flow rate on the upstream cell. Similarly, using enthalpy flows as

a building block, one would see a slower transition in the specific enthalpy when there is a slower mass

flow rate on the upstream cell, as it should be physically. Secondly, having a weighted average depending

on the simulation time step and residence time (between the connector fluid state of the previous time step
and the upstream cells’ outlet fluid state) gives a good approximation for the transition curve characteristic,

which will be shown in the validation chapter. With this smoothing approach for specific enthalpy cal-

culation, numerical instabilities, which simulation time-step magnitudes may cause, are also decreased.

PreHEAT is written in C++ programming language. Following, the code for calculating the connector

state is provided. In the routine, specific connector index, fluid side, mesh of the current calculated time

step and the meshes of the previous time steps with mesh list are provided as call signature together with

the settings information. Firstly, time step size and current time of the transient simulation are assigned.

Also, the upstream cell, as a component, is found in the mesh. We assign its outlet state as the new state.

Then, routine checks if the upstream component in the mesh is indeed a cell object. If not, the new state is

returned as the fluid state of the connector. For a upstream cell object, routine checks if we are calculating

for the initial time, then the new state is again returned directly. However, for the rest of the case we

should continue in the routine and one should extract connector state as described above. The residence

time of the upstream cell and fluid type are assigned according to the fluid side. The mesh of the previous

time step is extracted from the mesh list. Same connector’s old fluid state is found in the previous mesh.

Then, according to equation 4.12, the specific enthalpy of the connector is found for the current time step.

The specific enthalpy of the connector’s old state of is scaled with the time step size. The specific enthalpy

of the outlet state of the upstream cell is scaled with the residence time of the upstream cell. Once the

specific enthalpy of the connector’s fluid state is calculated, it is used to find the temperature and vapor

quality values of the effective average state, together with the pressure value of the new state, which is

defined above. Lastly, found temperature and vapor quality values are assigned to effective average state

and routine returns this fluid state as the connector fluid state. In PreHEAT, the routine used for calcula-

tion of connector state is as such:
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1 HExFluidstate HExNumerics::calcConState(
2 const int conIndex, const int side,
3 HExMesh* curMesh, HExMeshList* meshlist,
4 const HExSettings& settings)
5 {
6 double dt = meshlist->getCurrentDt();
7 int curTimeStep = meshlist->size();
8 int inCompIndex = curMesh->connectors()->at(conIndex).inCompIndex();
9 int outletNumber = curMesh->connectors()->at(conIndex).outletNumber();
10 auto component = curMesh->component(inCompIndex);
11 HExFluidstate newState = *component->fluidstateOut(side, outletNumber);
12

13 if (component->getCompType() == HExAbstractComponent::componentType::cell)
14 {
15 if(curTimeStep == 1)
16 { return newState; }
17 else
18 {
19 HExCell* meshUpCell = dynamic_cast<HExCell*>(component);
20 double resTime = 0.0;
21 if (side == 1)
22 { resTime = meshUpCell->resultData().m_tRes1; }
23 else
24 { resTime = meshUpCell->resultData().m_tRes2; }
25

26 double avgH = 0.0;
27 double sumWeight = 0.0;
28 HExAbstractFluidModel* fluid = component->fluid(side);
29

30 const HExMesh* prevMesh = meshlist->getMesh(curTimeStep - 1);
31 const HExConnector* connector = prevMesh->connector(conIndex);
32 const HExFluidstate* oldState = connector->conStateConst();
33

34 double distance = dt;
35 double weight = oldState->w() * 1.0 / distance;
36 avgH += fluid->h(oldState->t(),
37 oldState->p(), oldState->x()) * weight;
38 sumWeight += weight;
39

40 distance = resTime;
41 weight = newState.w() * 1.0 / distance;
42 avgH += fluid->h(newState.t(),
43 newState.p(), newState.x()) * weight;
44 sumWeight += weight;
45 avgH /= sumWeight;
46

47 HExFluidstate effAvgState = newState;
48 double avgTbyH = 0.0, avgXbyH = 0.0;
49 // Assign Temperature and Vapor Quality, from Enthalpy and Pressure
50 fluid->getTxbyHandP(avgH, newState.p(), avgTbyH, avgXbyH);
51

52 effAvgState.setT(avgTbyH);
53 effAvgState.setX(avgXbyH);
54 return effAvgState;
55 }
56 }
57 else
58 { return newState; }
59 }
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In such a transient modelling setting, it is essential to set correct convergence criteria for each time

step. As explained in section 4.1.2, the difference between a cell’s outlet fluid state and a downstream

cell’s inlet fluid state is checked for the steady solver’s convergence in each iteration of the bi-directional

solver. However, connector fluid states are introduced for transient modelling since we want to see the

information propagation delay, and the outlet of the upstream cell can be different from the downstream

cell’s inlet if a boundary condition change occurs. To see the convergence in the heat exchanger level

hierarchy, the difference between connector fluid states and their corresponding downstream cell’s inlet

fluid state should be less than a predefined tolerance in the transient simulation. Hence, in each iteration

of time steps, after checking the difference between the connector state and the downstream cell’s inlet,

the connector state is assigned directly to the inlet of the downstream cell. PreHEAT managed to simulate

dynamic response characteristics well after modifications made in the heat exchanger level hierarchy by

using the residence times of cells. However, there is still room to improve in better capturing the heat

exchanger’s transient response by changing the cell-level hierarchy since the P-NTU method at the cell

level neglects wall thermal inertia.

4.2.3 Wall Thermal Inertia
PreHEAT solves steady-state energy balance equations in the cell level hierarchy for the cold side, wall

and hot side with the P-NTU method, as explained in section 4.1.1. This method neglects the wall’s ther-

mal inertia. Instead, cell-level modelling can involve transient conduction along the wall with Neumann

boundary conditions, which would be heat fluxes from the hot fluid side to the cold fluid side. Let us

assume a one-dimensional wall discretised, as in Figure 4.6.

Figure 4.6: One-Dimensional Wall Discretisation

One can model the unsteady, one-dimensional diffusion with the internal energy balance equation

similar to the one provided in the theoretical background chapter, equation 3.57:

∂T

∂t
= κ

∂2T

∂x2
(4.13)

In this formula, one can observe the lack of heat flux terms compared to equation 3.57. Indeed, the

solid control volume defined for 3.57, includes those heat flux terms. The given equation here is a general
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formula for the nodes staying in the inside of the wall which is the midpoint of the wall. The finite

difference approximation for the temperature at the midpoint of the wall, Twall,mid, is expressed:

Tn+1
wall,mid

− Tn
wall,mid

∆t
= κ

Tn+1
wall,out

− 2 · Tn+1
wall,mid

+ Tn+1
wall,in

∆x2
. (4.14)

In this equation, Tn+1
wall,mid

and Tn
wall,mid

represent the temperatures at the midpoint of the wall at times

n + 1 and n, respectively. The left-hand side uses a first-order, forward finite difference scheme. The

term∆t is the time step, and∆x is the spatial step size. The right-hand side uses the temperatures at the

outer (Twall,out) and inner (Twall,in) points of the wall to calculate the second-order spatial derivative at the
midpoint with a second order, central finite difference scheme. Similarly, the finite difference equation for

the temperature at the outer point of the wall, Twall,out, is given by:

Tn+1
wall,out

− Tn
wall,out

∆t
= κ

Tn+1
ghost,out

− 2 · Tn+1
wall,out

+ Tn+1
wall,mid

∆x2
. (4.15)

In this equation, Tn+1
wall,out

and Tn
wall,out

represent the temperatures at the outer point of the wall at times

n + 1 and n, respectively. The temperature Tghost,out refers to a boundary condition (ghost node) beyond

the outer point. The spatial derivative is calculated using the midpoint and ghost point temperatures.

Finally, the finite difference approximation for the temperature at the inner point of the wall, Twall,in, is
given by:

Tn+1
wall,in

− Tn
wall,in

∆t
= κ

Tn+1
wall,mid

− 2 · Tn+1
wall,in

+ Tn+1
ghost,in

∆x2
. (4.16)

Here, Tn+1
wall,in

and Tn
wall,in

represent the temperatures at the inner point of the wall at times n+1 and n,
respectively. Tghost,in refers to a ghost node beyond the inner point. The spatial derivative at the inner point
is calculated using the midpoint and ghost node temperatures. In the equations 4.15 and 4.16, temperature

values from the ghost cells are introduced. To define Neumann boundary conditions as heat flux values

and replace the ghost cell temperature values, one can rearrange Fourier’s law of heat conduction in one

dimension:

q′′ = −kdT
dx

(4.17)

where q′′ is the heat flux, representing the amount of heat energy transferred per unit area per unit

time. The negative sign indicates that heat flows from a higher to a lower temperature. Following, the

central finite difference scheme is applied to the differential operator for the Twall,in and Twall,out nodes:

q′′
hot

= −k
Tghost,out − Twall,mid

2 ·∆x
, q′′

cold
= −k

Twall,mid − Tghost,in
2 ·∆x

(4.18)

Here, for Twall,out, one uses Tghost,out and Twall,mid. Similarly, for Twall,in, one uses Twall,mid and Tghost,in.
When we rearrange those equations, the ghost temperature values can be expressed in terms of the heat

fluxes and Twall,mid:

Tghost,out = −2 ·∆x
k

q′′
cold

+ Twall,mid, Tghost,in =
2 ·∆x
k

q′′
hot

+ Twall,mid (4.19)

One can substitute the ghost temperature values in equations 4.15 and 4.16 with equation 4.19. After

rearranging the equations 4.14, 4.15, and 4.16, one can build a linear equation system in the form ofAx = b:
1 + 2κ∆t

∆x2 − 2κ∆t
∆x2 0
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(4.20)
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The time steps for the temperature values are intentionally selected as they appear in the system of

linear equations to construct an implicit finite difference scheme. This approach was adopted to mitigate

potential numerical instabilities that may arise from time stepping in an explicit scheme. In linear equation

system 4.20, the right-hand side is known, and one can solve this equation system by using Gaussian

elimination for the wall temperature values of the next time step. Since it is not an extensive system of

linear equations, a fast iterative solver scheme is not applied, and Gaussian elimination is seen enough.

This calculation considers the wall material’s thermal inertia and specific heat capacity in a transient

setting since it affects the calculation of thermal diffusivity. At this point, it was essential to embed this

transient wall conduction calculation at the correct point of the cell-level hierarchy. After careful investi-

gation of the algorithm flowchart for heat transfer calculation of cell level hierarchy, represented in Figure

4.1, another flowchart is proposed for transient modelling in Figure 4.7. In this flowchart, the inner loop

for wall temperature guessing is dropped compared to Figure 4.1. Instead, wall temperature values are

calculated at step III using the abovementioned method. One should also differentiate that the heat trans-

fer was calculated using the P-NTU method in the previous cell level algorithm’s step VIII. However, this

transient algorithm calculates heat transfer for each side using Newton’s law of cooling on the step V:

Q2 = α1A(T2 − Twall,out), Q1 = α1A(Twall,in − T1) (4.21)

Guess: Q1, Q2,∆p1,∆p2

q′′1 , q
′′
2 , T

′′

1 , T
′′

2

Twall,in, Twall,mid, Twall,out, T1, T2

α1, α2

Qcalc,i = f(αi, Twall,i, Ti) ,∆pi = f(Ti, Twall,i)

Qcalc,i =? Qguess,i,∆pi =? ∆pguessi

Qi = Qcalc,i

I.

II.

III.

IV.

V.

VI.

VII.

yes

no

Figure 4.7: Flowchart for Transient Heat Transfer Calculation in Cell Level Hierarchy.
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4.2. DEVELOPMENT OF TRANSIENT MODELING

Heat transfer from the hot side to the cold side is defined positively, so the minus sign is dropped on

equation 4.27. Like the steady-state cell-level hierarchy algorithm, pressure drop and heat transfer coef-

ficients are calculated with the empirical correlations in this transient algorithm. A significant difference

between these two models is that we neglect the flow geometry once we do not use the P-NTU method.

Every cell becomes a point at which we make heat transfer calculations. So, for this method to converge

to experimental values, we should increase the cell numbers, and eventually, this will lead to higher com-

putational costs. Another point expected with this change in the cell-level hierarchy is that after reaching

steady state in a transient simulation, the solution might differ from the steady state we see with the P-

NTU method, especially in the case of high heat transfers. Again, this difference is caused by neglecting

flow geometry. Nevertheless, this transient model helps us to understand the effect of wall thermal inertia

on the dynamic response of the evaporator. We can better understand the wall temperature changes. In

the simulation setting, we can even set an initial value for the wall temperature to see how it affects the

dynamic response, which is especially important for start-up cases.
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Chapter 5

Validation

Following the construction of the transient model in the PreHEAT environment, validating its results un-

der various transient boundary conditions are essential. This chapter will introduce a benchmark model,

an important tool in assessing the reliability of the methodology developed in the PreHEAT for evaluating

the transient response of heat exchangers. In the literature, different papers have been found in which

researchers have used the numerical models created in the Modelica environment to validate their ana-

lytical models [16][17][20][21]. This thesis applies the same approach, and a benchmark numerical model

for concentric counterflow arrangements is created in the Modelica Language using the OpenModelica

dynamic simulator program [34].

5.1 Numerical Benchmark Model
Modelica is an object-oriented modelling language for complex systems. These complex systems include

mechanical, hydraulic, thermal, control or electrical sub-components. It differs from conventional pro-

gramming languages; its classes are translated into objects and then executed by the simulation engine

[35]. OpenModelica is an open-source software simulation engine for running models in the Modelica

language. It provides different solvers for solving differential algebraic equation (DAE) systems [34]. The

Modelica Association creates this open-source software. They also develop standard libraries for mod-

elling complex systems. Modelica standard library provides example test cases for benchmark problems.

A benchmark model is developed for mass flow and temperature variations at the heat exchanger inlets in

the OpenModelica software, mimicking the heat exchanger test case for counterflow arrangement. Figure

5.1 illustrates the user interface representation of the benchmark model.

Before going into the details of the benchmark model, one should also explain what kind of numerical

approach is used for solving the dynamic problem in hydraulic components of the Modelica standard

library. The HEX component, shown in Figure 5.1, has two concentric dynamic pipes as sub-components.

The standard library’s dynamic pipe component can solve one-dimensional balance equations with the

finite volume method. First, the pipe is discretised along the flow direction, and for each component, the

following balance equations are defined. The mass balance of each volume looks like this:

∂(ρA)

∂t
+
∂(ρAv)

∂x
= 0 (5.1)

This equation is essentially the same as themass balance equation shown in the theoretical background

chapter. Only difference is that this form is written in mass per length instead of mass per unit volume.

The momentum balance equation for a fluid control volume along the pipe is:

∂(ρvA)

∂t
+
∂(ρv2A)

∂x
= −A∂p

∂x
− Ff −Aρg

∂z

∂x
(5.2)

In the theoretical background chapter, a similar formulation for the momentum balance equation can

be found in equation 3.21. However, in this presented form advective momentum flux term is only shown

with the term ∂(ρv2A)/∂x.
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5.1. NUMERICAL BENCHMARK MODEL

Figure 5.1: User Interface of the Benchmark Model in OpenModelica.

On the right hand side, viscous terms only represented with the pipe frictional term, Ff . The frictional

force per length Ff , defined as:

Ff =
1

2
ρv2fS (5.3)

It represents the resistance due to the interaction between the fluid and the pipe wall, where f is the

Fanning friction factor, and S is the pipe’s circumference. Lastly, the total energy balance equation is

represented as:

∂(ρ(e+ v2

2 )A)

∂t
+
∂(ρv(e+ p

ρ + v2

2 )A)

∂x
= −Aρvg ∂z

∂x
+

∂

∂x
(kA

∂T

∂x
) + Q̇e (5.4)

This equation is a compact and one-dimensional form of equation 3.38. Only viscous term on the

right-hand side is missing. Q̇e is the heat transfer between two concentric pipes’ corresponding volumes

for the heat exchanger component represented in Figure 5.1. One dimensional staggered grid is used for

the pipe flow discretisation. The finite volume method converts the partial differential equations specified

above into ordinary differential equations or differential-algebraic equations (DAEs) over control volumes.

Each control volume represents a pipe segment where the governing equations are solved. Then, Open-

Modelica uses the Differential/Algebraic System Solver (DASSL) to solve differential-algebraic equation

systems. DASSL is a numerical solver that integrates the time evolution of these equations. It is suitable

for stiff systems, which are expected in fluid dynamics problems, ensuring stable and accurate time in-

tegration. While the spatial discretisation with finite volume method (FVM) ensures the conservation of

fluid properties within control volumes, DASSL manages the time-stepping and handling of the DAEs.

In the following benchmark model comparisons with the PreHEAT results, both sides of heat ex-

changer fluids remain single-phase before and after the ramp of disturbances. Also, working fluids are

chosen as liquid water on both sides to stay consistent with the incompressible flow assumption made in

PreHEAT transient model development. Lastly, it should be mentioned about the Modelica benchmark

model that Q̇e flows through one-dimensional wall components from the hot side to the cold side. That

solid wall model includes themass and heat capacity of thewall material. Hence, it can represent wall ther-

mal inertia. Heat convection occurs on both sides of the wall, and heat transfer coefficients are constant
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5.1. NUMERICAL BENCHMARK MODEL

in the model. Heat transfer coefficients could be calculated via some empirical correlations. However, for

validation of the PreHEAT model’s curvature characteristics, it was enough to take the heat transfer co-

efficients constant on both the benchmark and PreHEAT transient models. Together with the convection,

heat conduction in the one-dimensional wall is modelled.

Once the numerical approach of the benchmark model is understood, we can give details about the

example case in which transient boundary variations are investigated and compared. As shown in Figure

5.2, a concentric counter-flow geometry is discretised. In the figure, the discretisation is demonstrated

as eight cells, but in comparison cases between PreHEAT and Modelica, many different cell numbers of

discretisation are tested and compared.

Figure 5.2: Representation of Concentric Counter-flow Geometry in PreHEAT and Modelica.

The geometrical properties of this flow arrangement are provided in Table 5.1. Here, only heat transfer

occurs between the inner and outer pipes. There is no heat transfer between the outer pipe and the

ambient. A boundary condition with pressure and temperature values is defined on one side of each pipe.

Negative mass flow rates going out from the pipe are defined on the other sides of the pipes.

D L Aheat Across

[m] [m] [m2] [m2]

Inner Pipe 0.020 2.00 1.25 · 10−1 3.14 · 10−4

Outer Pipe 0.034 2.00 1.38 · 10−1 5.20 · 10−4

Table 5.1: Geometrical Properties of Concentric Counter-Flow Double-Pipe Heat Exchanger

The symbol D represents the diameter of the pipe, and L is the length of the pipe in meters. Aheat

refers to the heat transfer area in square meters, corresponding to the surface area available for heat

exchange between the inner and outer pipes. They are different for inner and outer flow since the wall

also has a thickness, which will be provided in Table 5.2. In the last column, Across refers to the cross-

sectional area throughwhich fluid flows. There is a wall between those twoworking fluids, and its material

properties are defined in Table 5.2. Thewall’s material properties are considered constant for the PreHEAT

and the benchmark model since its temperature does not change significantly during the simulations.

Those properties are specifically crucial for the dynamic response of heat exchangers. They would directly

affect the thermal diffusivity and conduction along the wall.

s k c ρ

[m] [W/(m ·K)] [J/(kg ·K)] [kg/m3]

Wall 0.001 9.800 434.0 8440.0

Table 5.2: Wall’s Material Properties

The symbol s represents the thickness of the wall in meters, while k stands for the material’s thermal

conductivity in watts per meter per kelvin. The symbol c refers to the specific heat capacity of the wall in
joules per kilogram per kelvin. In Table 5.3, the flow properties of the working fluids are provided. The
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5.1. NUMERICAL BENCHMARK MODEL

symbol P inlet represents the inlet pressure in pascals, and T inlet refers to the inlet temperature in degrees

Celsius. The symbol V̇ denotes the volumetric flow rate in litres per hour, while h represents the heat

transfer coefficient in watts per square meter per kelvin. The inner and outer pipes both have water as

the working fluid. Inlet pressure and heat transfer coefficient values do not change in ramp disturbances.

T inlet and V̇ values provided in this table are only for initial setup. They will be changed during different

test cases, and their values before and after the ramp will be provided in a different table.

Medium Pinlet Tinlet V̇ h

[Pa] [◦C] [L/h] [W/m2 ·K]

Inner Pipe Water 1.0 · 105 50.0 60.0 100.0

Outer Pipe Water 1.0 · 105 90.0 60.0 100.0

Table 5.3: Initial Conditions and Flow Properties for Inner and Outer Pipes

5.1.1 Grid Independence Study of the Benchmark Model
Before comparing the results of the PreHEAT transient model and the numerical benchmark model, spa-

tial and time grid independence studies are conducted firstly for the benchmark model. The case of a

temperature ramp on one side is considered for the grid independence study. The inlet temperature value

on the cold side is decreased to 10 °C from 50 °C in a 5 second ramp. All other flow properties specified in

Table 5.3 remained the same during the inlet temperature change on the cold side. Root mean square error

between time series temperature vectors is checked to understand grid independence. To make an appro-

priate grid independence analysis, we should always make a comparison for the same spatial point even

though the cell number has changed. For comparison, two points are selected along the two-meter-long

tube: x = 0.5m and x = 1.5m. Those spatial points are measured according to the start of the cold fluid’s

inlet. It is thought that we can change the total cell numbers, but we can calculate the corresponding cell

indexes, which have the centroid positions corresponding to the x = 0.5m and x = 1.5m. With equations

5.5 and 5.6, one can find the cell indexes for those positions:

i0.5 =

(
0.5− L

2 · ncells

)
· ncells
L

(5.5)

i1.5 =

(
1.5− L

2 · ncells

)
· ncells
L

(5.6)

The symbol ncells represents the total number of cells along the length of the tube. The term i0.5 is

the cell index, which indicates the position of a cell at x = 0.5m along the tube. Similarly, i1.5 is the

cell index, indicating the position of a cell at x = 1.5m. Here, the L value is taken as two meters, as

indicated in the geometry properties. In the following Table 5.4, one can find the calculated index values.

When comparing two different total cell number cases, the temperature values from the centroid of the

corresponding cell indexes are taken.

ncells 6 10 14 18 22 26 30 34

i0.5 2 3 4 5 6 7 8 9

i1.5 5 8 11 14 17 20 23 26

Table 5.4: Cell indices i0.5 and i1.5 for different values of ncells

One can always visually check and say if the grid density is enough for a simulation. There are different

approaches in the literature for numerically defining the difference between a coarser and finer mesh.

Since we have temperature time series vectors for the specified spatial points in the geometry, one shall
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use the rootmean square error (RMSE) as ametric to understand howmuch the temperature values change

by increasing the cell numbers.

RMSE =

√√√√ 1

n

n∑
i=1

(Ti − T̂i)2 (5.7)

In the equation, n represents the total number of time steps or the length of the compared vectors.

In our case, it depends on the time step of the simulation and the end simulation time. The term Ti
refers to the temperature value at the i-th time step in the vector of coarser mesh, while T̂i corresponds
to the temperature value at the same time step in the finer mesh. Lower RMSE values indicate smaller

differences between coarser and finer meshes. Time step, ∆t, value for the spatial grid independence

equals 0.5 seconds. End simulation time, tend, is 300 seconds. The first 150 seconds is used for the heat

exchanger to reach its first steady state without any boundary condition changes. Then, for 5 seconds, a

linear ramp change for the inlet temperature of the cold side is applied. Temperature values at the time

steps corresponding to the last 150 seconds are used in the RMSE comparison. In Figure 5.3, one can find

the RMSE results between the total cell number changes.
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Figure 5.3: RMSE Results for Spatial Grid Independence Study of Benchmark Model.

The graph depicts the Root Mean Square Error (RMSE) between temperature results for increasing cell

numbers at two specific locations: x = 0.5 m and x = 1.5 m. The horizontal axis represents the number

of cell transitions in the spatial grid, while the vertical axis shows the RMSE values. An RMSE comparison

is always made between two consecutive cases of increasing cell numbers. As we go further on the x-axis,

RMSE values start to decrease less, which implies that the temperature values change less between the

coarser and finer mesh, and further refining the grid yields diminishing returns in convergence.

Another well-known methodology for mesh convergence analysis of simulations in the literature is

the Richardson extrapolation and Grid Convergence Index analysis. Those methods are instrumental

when the exact solution for a numerical solution is unknown. First, one needs to calculate the order of

convergence, p. The order of convergence describes how quickly the solution converges as the mesh is

refined. It is computed using three solutions obtained with a coarse, medium, and fine mesh, denoted as

ϕcoarse, ϕmedium, and ϕfine. In our grid convergence index analysis, temperature results of 5 different time

points of the specified spatial points (x = 0.5m, x = 1.5m) will be checked for the cases with 6-14-34 cells,
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respectively, for the coarse, medium and fine meshes. The refinement ratio between successive meshes is

represented by r, which is taken as 14/6 ≈ 34/14 ≈ 2.4. The equation to calculate p is given as:

p =
ln
(

ϕcoarse−ϕmedium

ϕmedium−ϕfine

)
ln(r)

(5.8)

Next, one can calculate the Grid Convergence Index values, which provide a quantitative measure of

the uncertainty in the numerical solution due to grid spacing. The GCI between the fine and medium grids

is calculated as follows:

GCIfine-medium =
1.25

rp − 1

∣∣∣∣ϕfine − ϕmedium

ϕfine

∣∣∣∣ (5.9)

Similarly, the GCI between the medium and coarse grids is given by:

GCImedium-coarse =
1.25

rp − 1

∣∣∣∣ϕmedium − ϕcoarse
ϕmedium

∣∣∣∣ (5.10)

In these equations, GCIfine-medium and GCImedium-coarse represent the grid convergence index for the

fine-to-medium and medium-to-coarse grid refinements, respectively. 1.25 is a safety factor, and r is the
refinement ratio. Finally, the asymptotic range of convergence is evaluated to determine if the grid is

sufficiently fine for a grid-independent solution, which is done by computing the following ratio:

γ =
GCImedium-coarse

rp ·GCIfine-medium

(5.11)

If the γ value approaches 1, the solution is grid-independent, meaning furthermesh refinementwill not

significantly alter the simulation results. Figure 5.4 shows the asymptotic convergence values of different

time points for x = 0.5m and x = 1.5m. The figure 5.4 shows convergence is reached since γ values are

close to 1.
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Figure 5.4: Asymptotic Convergence Results for Spatial Grid Independence Study of Benchmark Model.

A time grid independence study is conducted similarly after conducting a spatial grid independence

study for the benchmark model. After fixing the total number of cells to 26, simulations with different

time steps are executed. The root mean square differences for consecutively decreasing time steps can be

found in Figure 5.5. Here, the x-axis shows the transitions between the cases with different time steps.

After having the time step ∆t = 1.0, there is not much difference in the temperature vectors.
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Figure 5.5: RMSE Results for Time Grid Independence Study of Benchmark Model.
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Figure 5.6: Asymptotic Convergence Results for Time Grid Independence Study of Benchmark Model.

In Figure 5.6, one can find the GCI analysis of the time grid. Time steps considered in GCI analysis are

∆t = 2.0, ∆t = 1.0, and ∆t = 0.5, respectively, for coarse, medium and fine meshes. The GCI analysis

shows that γ values do not deviate from 1 for different time stamps of both spatial points. Hence, we

can confidently say that the time grid is converged. One can ask about the RMSE analysis of time grid

independence that since we have different time steps, we would have different data points in different

cases. For comparison, temperature values only corresponding to the same time stamps are considered.

The difference is normalised since the root mean square error calculation contains the sample size (vector

length). We can compare the RMSE values even for different lengths of vectors as long as we have shared

time stamps between the vectors, which is the case here. The numerical benchmark model created in

the Modelica language using the OpenModelica software works fine for single-phase dynamic analysis.

After conducting spatial and time grid independence analyses on the numerical benchmark model, we

can use the temperature result of the case with 34 cells and ∆t = 0.5s for a convergence analysis to

the PreHEAT transient model results. Similarly, 34 cells and ∆t = 0.5s are used for PreHEAT transient

models while comparing temperature profiles visually at the beginning of the next section. Later different

cell numbers and time steps of PreHEAT models will be compared with the numerical benchmark of 34

cells and ∆t = 0.5s to understand grid independence of PreHEAT.
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5.2 Convergence Study of PreHEAT against Benchmark
After extracting numerical benchmark results, the transientmodel built up in the PreHEAT environment is

validated for different boundary condition ramps. This section explains the test cases for the comparison.

Then, the temperature values for the test cases in Modelica and PreHEAT are plotted. Finally, RMSE

analysis for the PreHEAT simulation results will be explained for different total cell numbers and time

steps. Table 5.5 provides inlet boundary conditions before and after the ramp for three tests.

Test I. Test II. Test III.

Pipe Ramp Time Pinlet Tinlet V̇ Tinlet V̇ Tinlet V̇

[Pa] [◦C] [L/h] [◦C] [L/h] [◦C] [L/h]

Inner Before 1.0 · 105 50.00 60.00 50.00 60.00 50.00 60.00

Inner After 1.0 · 105 10.00 60.00 50.00 30.00 20.00 30.00

Outer Before 1.0 · 105 90.00 60.00 90.00 60.00 90.00 60.00

Outer After 1.0 · 105 90.00 60.00 90.00 60.00 70.00 120.00

Table 5.5: Test Setup Parameters for Temperature, Flow Rate, and Combined Ramps.

As shown in the table, inlet pressures on both sides remain the same in all three tests after the ramp

changes are applied. Also, heat transfer coefficients do not change in all test cases and are equal to 100

W/m2 · K. In tests I. and II., no boundary condition change is applied to the outer pipe inlet, which is the

hot side of the heat exchanger. In the first test, the inlet temperature of the hot side is decreased by 40
◦C ,

while other flow parameters remained the same. In this test, a decrease in temperature values for each cell

of the inner pipe is expected. However, not all cells would react to temperature change simultaneously due

to the residence time of flow. In the second test, the volumetric flow rate of the inner pipe is decreased to

half. Since the flow is slower with the volumetric flow rate decrease, the residence time increases, which

means more time for heat exchange between the inner and outer pipes. Hence, the temperature values of

the inner pipe are expected to rise while the temperature values of the outer flow decrease. Also, since the

working fluid, water, is incompressible, we expect to see that the temperature change in each cell starts

simultaneously. In the third test, all four parameters change, which would cause a nonlinear dynamic

response. This last test is challenging in terms of modelling and will show the developed method’s exact

capabilities. In all tests, ramps are applied linearly in 5 seconds.

In the Methodology chapter, two different hierarchy levels are explained. First, changes in the heat

exchanger level hierarchy are applied in the code with the residence time calculations of the cells. A good

level of agreement is observed between theModelica and PreHEAT results, with the implementations only

on the heat exchanger level hierarchy. Cell level calculations are conducted using the P-NTU method in

those prior observations. Then, implementations on the cell-level hierarchy are applied to the code for

including the wall thermal inertia. As expected, a much better agreement is observed in the results, but

this comes with the cost of higher computation times. So, it has been decided that the changes for the

cell-level hierarchy should be implemented in a way that allows users to choose it as an option. In the

following plots for the temperature results comparison, two spatial points are compared along the two-

meter-long pipe: x = 0.5m and x = 1.5m. For each spatial point, three different results are provided:

one from Modelica, another from the PreHEAT transient simulation using the P-NTU method applied at

the cell level and a third that incorporates Wall Thermal Inertia (WTI) into the cell-level hierarchy. Both

in Modelica and PreHEAT, ramps are applied starting from 150 seconds of the simulation. Due to that,

x-axis for time values starts from the 150 seconds. In Figure 5.7, the temperature results for Test-I can be

seen.

As expected, temperature values decrease for both sides, and not all cells react simultaneously to the

ramp change made at the inlet. For the ramped side, which is the inner flow in this test, both PreHEAT

results match well with the benchmark. In the inner flow, both PreHEAT models reacted earlier than the
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Figure 5.7: Temperature Values of Modelica and PreHEAT Models for Test I.: Temperature Ramp.

benchmark model, but the WTI version started matching with the Modelica at the end of the transient

phase. However, the WTI version performed much better for the outer flow; almost the same results

are observed with the benchmark model. The version with P-NTU showed the correct characteristic but

reacted much earlier, which does not capture the dynamic response well. Figure 5.8 shows the comparison

of the models for Test-II.

In test case 2, temperatures on the ramped side start to increase directly for both spatial points due to

incompressible flow. Since the last steady-state temperature value is lower for x = 0.5m, the last steady
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Figure 5.8: Temperature Values of Modelica and PreHEAT Models for Test II.: Flow Rate Ramp.

state is reached earlier for the spatial point x = 0.5m than x = 1.5m in the inner flow. Both PreHEAT

models give good results compared to the benchmark model. In the outer flow, PreHEAT again captures

the temperature values well. Like Test I., the WTI version performed slightly better than the P-NTU

version. In Figure 5.9, temperature results for test case III are plotted. In this case, the non-linearity for

the temperature calculation is much higher than in the first two cases.

For the inner flow, temperatures start to increase slightly at the beginning since the volumetric flow

rate of the inner pipe decreases, and its effect is immediate along the pipe. However, the decrease in the
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Figure 5.9: Temperature Values of Modelica and PreHEAT Models for Test III.: Multi-Ramp.

inner flow’s inlet temperature starts to impact temperature values along the pipe according to the resi-

dence time of the inner flow. Again, both versions of PreHEAT start to react quicker than the benchmark

model when the temperature values decrease. However, the WTI version captures almost exact dynamic

response characteristics with the Modelica before the transient phase ends. At the outer flow temperature

results, both PreHEAT models perform well. Again, the WTI version catches almost the same character-

istics as the Modelica before the transient phase ends.

After investigating the temperature results for the PreHEAT and benchmark model visually, grid in-
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5.2. CONVERGENCE STUDY OF PREHEAT AGAINST BENCHMARK

dependence studies are conducted for PreHEAT models with respect to the Modelica results. Again, both

cell-level hierarchy versions are tested for two different spatial points. For the comparison, similar to the

earlier section, the root mean square error analysis is conducted while comparing temperature time series

vectors of benchmark and PreHEAT results. Figure 5.10 shows the spatial grid independence study of the

PreHEAT models for test case I.
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Figure 5.10: RMSE Results for Test I: Spatial Grid Independence Study of PreHEAT against Benchmark.

These results are for the internal fluid temperatures where ramping of inlet temperature occurs. As

shown in the figure, the RMSE decreases as the number of cells increases, indicating improved accuracy

for both methods. The WTI and P-NTU approaches follow a similar trend, with RMSE values decreasing

consistently as the grid resolution improves, demonstrating that grid refinement positively impacts both

methods. However, theWTI approach consistently outperforms the P-NTUmethod, yielding lower RMSE

values at both spatial points. This result suggests that including wall thermal inertia provides a more

accurate representation of the temperature profile, particularly as the grid is refined. Additionally, results

at the x = 1.5m point show slightly lower RMSE values than at x = 0.5m for both methods, highlighting

the spatial variability in PreHEAT’s accuracy.
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Figure 5.11: RMSE Results for Test I: Time Grid Independence Study of PreHEAT against Benchmark.
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Figure 5.11 shows the RMSE results for the time grid independence study of the PreHEAT models

compared to the benchmark Modelica results for Test Case I. Here, the PreHEAT models are run using

different time steps, and the RMSE values are calculated using common time steps between the benchmark

and PreHEAT results, due to the different temperature vector sizes. As shown, the RMSE decreases as the

time step becomes smaller, indicating an improvement in accuracy for both methods. Like the spatial grid

independence study, the P-NTU andWTI methods consistently show decreasing RMSE values as the time

step is reduced. However, the WTI method again outperforms the P-NTU approach, yielding lower RMSE

values for both spatial points across all time steps. The x = 1.5m results exhibit lower RMSE values

than those at x = 0.5m. A plateau in RMSE values is observed after a specific time step (approximately

0.5 seconds), indicating that further grid refinement beyond this point provides diminishing returns in

accuracy. Notably, for the P-NTU method at x = 1.5m, the error increases slightly after this time step,

suggesting that additional refinement beyond a certain threshold may not benefit the P-NTU approach as

much as the WTI model. As the time grid is refined, the WTI model demonstrates improved accuracy in

capturing the dynamic response.
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Figure 5.12: RMSE Results for Test II: Spatial Grid Independence Study of PreHEAT against Benchmark.

In Figure 5.12, a spatial grid independence study is performed for the PreHEAT models, comparing

results to the numerical benchmark model for Test Case II, in which a volumetric flow rate ramp occurs.

Similar to the grip independence study for Test Case II, RMSE results are for the internal flow in figures

5.12 and 5.13. The RMSE values are plotted as a function of the number of cells, showing how the error

decreases as the spatial resolution is refined. Like the temperature ramp, the P-NTU and WTI methods

show decreasing RMSE values as the number of cells increases, indicating improved accuracy with finer

grids. Additionally, the P-NTU and WTI method results for x = 0.5m show a plateau after a certain

grid refinement, where further increasing the number of cells does not significantly reduce the error. As

an outcome, the accuracy of the PreHEAT methods changes more significantly with the spatial location

for the flow rate ramp type. However, a key difference is observed. For the mass flow rate ramp, P-

NTU method performed slightly better than WTI method, especially on x = 1.5m. But one should

remember that these RMSE results are for internal temperature values where ramping occurred. In the

visual inspection of temperature values, it is observed that for the mass flow rate ramp, P-NTU matches

slightly better with the ramped side’s temperatures. However, we observed that on the other side, where

no ramp occurs, WTI method perfectly matches the benchmark while P-NTU diverges a lot. Hence, we

can still say that WTI method is better fit to the numerical benchmark.

In Figure 5.13, a time grid independence study is conducted for Test II. The PreHEAT models are

evaluated using different time steps, and RMSE values are calculated relative to the benchmark. The figure

shows that as the time step decreases, the RMSE values improve for both the P-NTU and WTI methods,

indicating enhanced accuracy with finer time resolutions. At the x = 0.5m location, both methods show
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almost identical performance. Similar to the spatial grid analysis of mass flow rate ramp, we observe that

P-NTU outperforms the WTI method on x = 1.5m. Nevertheless, this is only the case for the fluid side

where ramping of inlet mass flow rate occurs, and the RMSE values are not big, indicating still a small

difference. However, visual inspection of external temperatures shows that WTI method is much more

favorable than P-NTU method. Hence it is still better to prefer WTI method on the cell level calculations.
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Figure 5.13: RMSE Results for Test II: Time Grid Independence Study of PreHEAT against Benchmark.

The validation study results demonstrate that our PreHEAT models perform well, with temperature

values aligning closely with those of the numerical benchmark model. Test III, which posed a particularly

challenging scenario by simultaneously changing all four boundary conditions, revealed the robustness of

the PreHEAT models. Despite the increased non-linearity introduced by this test, the models maintained

high accuracy. Notably, when the Wall Thermal Inertia (WTI) version was chosen in the cell-level hier-

archy, it consistently outperformed the P-NTU-based version, offering better results across various test

conditions. However, a limitation of this validation is that it was conducted solely for single-phase fluids.

Future work will address this by extending the validation to test cases involving two-phase flow, where

evaporation occurs, to assess the PreHEAT transient models’ performance.
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Chapter 6

Results & Discussion

After testing PreHEAT transient models for different boundary condition changes in the validation chap-

ter, an aircraft evaporator geometry is analysed with PreHEAT for two different case scenarios in this part

the thesis. This chapter describes the evaporator geometry and the two test cases. Next, the variations in

fluid properties at the inlet boundaries are summarised, focusing on how these properties change based

on different aircraft engine operating points. The dynamic temperature profiles along the tube are pre-

sented, showing the system’s response to the applied boundary condition ramps. RMSE results for spatial

and time grid refinements will then be provided to assess the accuracy and convergence of the models.

Finally, for each test case, the impact of different ramp times on the time required for the evaporator to

reach steady-state conditions will be discussed, offering insights into the system’s transient response.

6.1 Evaporator Geometry and Flow Properties of Test Cases
In Figure 6.1, the geometry of the evaporator is illustrated in a spiral configuration. Water, which repre-

sents the cold side, flows through the blue pipes in the direction indicated by the arrows.

Figure 6.1: Representative Spiral Evaporator Geometry with Cells and Connectors.
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6.1. EVAPORATOR GEOMETRY AND FLOW PROPERTIES OF TEST CASES

Exhaust gas, corresponding to the hot side, flows from the inner core to the outer boundary, forming a

cross-flow arrangement within each cell. The red circles in the figure show the connectors for the hot side

and the blue circles indicate the connectors for the cold side. This geometry displays eight cells per coil

in the spiral for demonstration purposes. However, during the spatial convergence study, the number of

coil cells will vary to analyse how changes affect simulation results. The geometry is constructed by first

specifying the total length of the water tube, Ltube and fixing the number of cells per coil in the spiral.

The inner radius of the spiral, Rin is also predetermined. Once these parameters are set, the length of

each cell is calculated along the water flow direction. Because the evaporator is spiral-shaped, the lengths

of the cells vary between coils, with more significant differences when the number of cells per coil is less.

Hence, increasing the number of cells per coil results in a more accurate representation of the physical

geometry, allowing for better precision in capturing flow dynamics. Pipe inner diameter, Din and pipe

outer diameter, Dout influence the wall thermal inertia by affecting mass of the wall. Another critical

parameter for heat exchanger modelling is the spacing, s, between each coil of the spiral geometry. The

spacing also influences the tubes’ length, so both flows’ residence times in each cell. One can find the

necessary information of geometry details in the table 6.1. Figure 6.1 presents a 2D representation of

the spiral, but similar calculations apply to the third dimension, where the same structure is multiplied.

This replication influences each tube’s water mass flow rate, which is a critical factor for correct heat

transfer calculation. Additionally, material properties for the tube wall, including tube diameter and wall

thickness, are specified to ensure proper thermal calculations.

Din Dout Ltube Rin s

[m] [m] [m] [m] [m]

0.0030 0.0035 25.0 0.45 0.0005

Table 6.1: Geometrical Properties of Coil Formed Evaporator

The developed transient model in PreHEAT can analyse sudden component failures that might lead to

abrupt changes in inlet boundary conditions of aircraft heat exchangers. Also, it can assess the dynamic

response of the evaporator while the aircraft engine changes its operating point. In this thesis, the dynamic

response of the evaporator to changing operating points is analysed. Two specific case scenarios are the

Start-up Scenario and the Go-Around Scenario. Those are illustrated in Figure 6.2.

(a) Scenario I: Start-Up.
(b) Scenario II: Go-Around.

Figure 6.2: Test Cases for Evaluating Aircraft Evaporator Performance in Transient Operations.

In the Start-up Scenario, a cold start of the aircraft engine is considered. The aircraft engine is ramping

from a switched-off state to an idle working operating point; hence, the boundary condition of the evap-

orator changes. So, the system ramps from Operating Point 1 (OP1, cold start) to Operating Point 2 (OP2,

dry idle). Table 6.2 also highlights Operating Point 3 (OP3, idle). The only difference between OP2 and

OP3 is the water-to-air ratio of the hot exhaust gas. It is assumed that the water evaporated during heat

exchange is not immediately transferred to the combustion chamber after switching from OP1 to OP2.

As described earlier, the evaporated water is injected into the combustion chamber in the closed WET

concept loop. However, in the cold start of the aircraft engine, steam is given to the combustion chamber

with a time delay. When the system starts to provide steam in the combustion, the exhaust gas arriving

at the evaporator contains water. Hence, another ramp is applied, only changing the water-to-air ratio

(WAR). In the table, FAR stands for fuel-to-air ratio, which is also essential for calculating the exact fluid

properties of the exhaust gas.
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6.2. CASE STUDY I: START-UP PROCESS

Fluid Inlet Unit OP1 (Cold) OP2 (Dry Idle) OP3 (Idle)

P bar 1.00 50.00 50.00

Water T K 288.15 300.64 300.64

ṁ kg/s 0.01 0.17 0.17

P bar 1.00 1.05 1.05

T K 288.15 853.50 853.50

Hot Gas ṁ kg/s 0.50 5.85 5.85

WAR [−] 0.00 0.00 0.03

FAR [−] 0.00 0.02 0.02

Table 6.2: Fluid Inlet Parameters for Start-Up Case Operating Points.

In the Go-Around Scenario, when an aircraft approaches for landing, it may be forced to abort landing

due to disturbances in the landing area, such as unsuitable runway conditions or air traffic conflicts. In

this case, the aircraft must rapidly change its operating point from Operating Point 1 (OP1, Approach) to

Operating Point 2 (OP2, EOF) levels, which significantly alters the inlet flow parameters of the evaporator,

as provided in the operational table 6.3. EOF stands for the end of the field, mainly representing an aircraft

engine’s full power mode.

Fluid Inlet Unit OP1 (Approach) OP2 (EOF)

P bar 50.00 90.00

Water T K 315.01 346.59

ṁ kg/s 0.38 4.37

P bar 1.06 1.52

T K 818.95 933.30

Hot Gas ṁ kg/s 8.62 33.38

WAR [−] 0.05 0.16

FAR [−] 0.02 0.04

Table 6.3: Fluid Inlet Parameters for Go-Around Case Operating Points.

The operating points listed in the tables represent steady-state conditions derived from the software

DLRp2. By performing transient analyses in PreHEAT, we can better understand how the temperature and

other fluid properties, like pressure losses along the tube, evolve and when the system stabilises. In the

validation chapter, higher accuracy of PreHEAT results is observed with the WTI model at the cell level

hierarchy. Hence, the analysis and temperature results, which will be provided in the following sections,

are always conducted with the WTI version of PreHEAT.

6.2 Case Study I: Start-Up Process

6.2.1 Grid Independence Study
As seen in Figure 6.1, the cell number per coil significantly affects the modelling and calculations. Before

showing any results, one should highlight that the cell number per coil is enough, and there is no signif-

icant change in the temperature results with a finer spatial grid. Therefore, a spatial grid independence
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6.2. CASE STUDY I: START-UP PROCESS

study is conducted on the temperature results of four different spatial points. Those spatial points are

represented as the pipe’s relative length (RelX) according to the water inlet boundary. For spatial grid

independence analysis, the time step of the transient simulation is fixed, and the cell number per coil is

changed. Temperature results of the corresponding spatial points are compared for two consecutive cell

numbers per coil case. Figure 6.3 shows the RMSE values on the y-axis and cell number transitions on the

x-axis. A higher RMSE value indicates that the temperature results differ significantly for that cell number

transition along the transient simulation.
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Figure 6.3: Spatial Grid Independence Study for Start-Up Process: Inner Flow.

For all spatial points, the RMSE values decrease as the number of cells increases, reflecting less and less

change in temperature results of simulations with different cell numbers. As the cell number increases,

RMSE values decrease sharply, and the differences in temperature results between transitions become

minimal. When the RMSE values for a transition are small, no noticeable difference exists between the

temperature results for those two consecutive cell number configurations. Therefore, one could choose

the smaller cell number in such cases for further analysis, as increasing the cell number further does not

provide additional benefits but computational costs. For the Start-up scenario, in the transition from 16

to 24 cells, the RMSE values become negligible, showing that using 16 cells per coil provides temperature

results that are nearly as accurate as those with 24 or more cells. Consequently, the grid independence

study suggests that 16 cells per coil are sufficient for accurately capturing the temperature dynamics.

Figure 6.4 compares outer flow temperature results for the same time stepping. Figure 6.4 shares

several similarities with the internal flow RMSE plot. In both cases, RMSE values decrease as the number

of cells per coil increases, indicating less variation in temperature results between successive transitions.

Notably, small RMSE values occurs with the transition from 16 cells to 24 cells, similar to the internal

flow, suggesting that a cell count of 16 is sufficient for achieving grid independence for both internal and

external temperature results. However, some differences between the two plots are noticeable. The RMSE

values for the external flow are generally lower in magnitude than the internal flow, implying that external

temperature results reach grid convergence faster. The spatial point at RelX = 4/4 shows consistently

lower RMSE values than the other points in both figures 6.4, 6.3. Because it lies in the inner part of the

spiral, where the flow reaches steady-state quicker due to shorter residence times and lower temperature

fluctuations, less variation is observed at this point in all cell number transitions. Temperature values at

RelX = 1/4, RelX = 2/4, and RelX = 3/4 exhibit more significant changes between the cell number

transitions than RelX = 4/4, as they are closer to the water inlet boundary and away from the exhaust

52



6.2. CASE STUDY I: START-UP PROCESS

8 -
-> 12

12
 -->

 16

16
 -->

 24

24
 -->

 32

Cell Number Transition

0

10

20

30

40

50

60

70

RM
SE

Time Step = 0.05 s

Cell-Level Model: Wall Thermal Inertia

RelX = 1/4
RelX = 2/4
RelX = 3/4
RelX = 4/4

RMSE Between External Temperature Results for Increasing Cell Numbers

Figure 6.4: Spatial Grid Independence Study for Start-Up Process: Outer Flow.

gas side. Due to the spiral flow arrangement, the inlet section of the pipe, according to the water inlet,

experiences a more extended transition phase, resulting in higher RMSE values. Following the spatial grid

independence analysis, a time grid independence study is conducted for the start-up case with 16 cells.
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Figure 6.5: Time Grid Independence Study for Start-Up Process: Inner Flow.

One can see the results for time grid independence in Figure 6.5. The RMSE plot for internal temper-

ature results across different time step transitions demonstrates a consistent reduction in RMSE values as

the time step decreases, following a similar trend across all spatial points (RelX). As the time step becomes

smaller, from 0.2 to 0.025 seconds, the RMSE steadily decreases, indicating that the temperature results are

converging, though no plateau is observed. However, the changes are minimal and further refinement is

unnecessary for practical purposes. Compared to the spatial grid independence study, the RMSE magni-

tudes here are significantly smaller, suggesting that the temperature results are less sensitive to time step

variations than spatial grid size, especially in that time step range. Although no plateau forms, the RMSE
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values across all transitions are within an acceptable range compared to spatial grid independence RMSE

values. Thus, the time step of 0.1 seconds can be selected for the transient analysis without significant

loss of accuracy while balancing computational cost. However, a time step of 0.05 seconds is selected to

analyse the evaporator’s dynamic response to be more accurate. After the spatial and time grid indepen-

dence studies of the start-up case, in the following subsection, the dynamic response of the evaporator

with 16 cells per coil and time step with 0.05 seconds will be discussed.

6.2.2 Dynamic Response of the Evaporator
The following plots in figures 6.6, 6.7 and 6.8 provide temperature results along the normalised tube length

for the Start-up scenario. Each plot provides a timed screenshot to observe the temperature values along

the evaporator. In each plot, x-axis stands for normalised tube length, relX . As it can be seen in figure

6.1, water inlet is at relX = 0, and the exhaust gas inlet corresponds to most inner coil of the tube, which

is around relX = 0.9 and relX = 1.0.

(a) t = 15s. (b) t = 45s.

Figure 6.6: Temperature Evaluation in Evaporator for Start-up at t = 15s and t = 45s.

t = 75s. t = 105s.

Figure 6.7: Temperature Evaluation in Evaporator for Start-up at t = 75s and t = 105s.

At each time step, the temperature profiles for water and exhaust gas are captured, showing the initial

operating point (OP1, Cold Start) and the final operating point (OP3, Idle Operation) for comparison. The

ramp-up from OP1 to OP2 starts at 1 second and lasts until 21 seconds. The ramp-up from OP2 to OP3

begins at 100 seconds and ends at 105 seconds. At 15 seconds, the temperature profiles indicate the early
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t = 145s. t = 170s.

Figure 6.8: Temperature Evaluation in Evaporator for Start-up at t = 145s and t = 170s.

phase of the cold start, where the water temperature rises but remains relatively low. Here, ladder shaped

temperature profiles are observed due to the shape of the evaporator geometry, more pronounced on the

exhaust gas side. At this early phase, every coil of the spiral geometry has almost the same temperature.

That is the reason why ladder shaped profiles are seen. By 45 seconds, the exhaust gas temperatures

have increased noticeably, with a sharper gradient along the tube. Water temperature is still gradually

increasing but shows significant variation along the length. In this step, we observe the phase change of

water, and temperature remains constant starting at around 0.8 of normalised tube length. Following a

two-phase section, the water steam temperature increases steeply before leaving the heat exchanger. At

75 and 105 seconds, the water and exhaust gas temperatures show more apparent phase separation. The

temperature of both fluid profiles does not change significantly in the final plots at 145 seconds and 170

seconds. An important observation is that the transient model propagates the temperatures in a way that

the final steady state temperature profiles are captured perfectly. In the literature, capturing final steady

state accordingly with the transient model is shown as a performance metric of a transient model. So, we

can say that for the start-up scenario, developed transient model works well. These results illustrate how

the evaporator moves from a cold start to an idle operation. Sections in which water phase change occurs

propagate with time to the pipe’s inlet section from the pipe’s outlet section.

Following this, the effect of ramp time is investigated. Table 6.4 illustrates the relationship between

ramp start, ramp end, and the time to reach idle for a Start-up scenario. The "Ramp Start" column shows

the starting time of the ramp, which is fixed at 1.0 seconds for all cases. The "Ramp End" column indicates

when the linear ramp finishes and no more changes in the boundary conditions are applied (except for

the water-to-air ratio change of exhaust gas, but it is always applied at the same time-100seconds- for all

cases). The "IDLE State" column presents the time the system reaches its steady state.

Ramp Start Ramp End IDLE State

[s] [s] [s]

1.0 6.0 152.3

1.0 21.0 165.0

1.0 31.0 172.3

1.0 61.0 192.3

Table 6.4: Effect of Ramp Times for Start-up Scenario.

While the ramp end time varies from 6.0 seconds to 61.0 seconds, the time to reach the idle state

increases non-linearly, which indicates that shortening the ramp time does not proportionally shorten

55



6.3. CASE STUDY II: GO-AROUND PROCESS

the time to reach the steady state. The table shows that although the ramp time increases by 30 seconds

between the third row (Ramp End at 31.0 seconds) and the fourth row (Ramp End at 61.0 seconds), the

time to reach the idle state increases only by about 20 seconds (from 172.3 seconds to 192.3 seconds),

reflecting a non-linear dynamic response of the system again. This non-linearity likely arises from the

evaporator’s thermal inertia and dynamic behaviour. In the initial phase, reducing the ramp time may

help the system respond faster, but there is a limit to how quickly the system can stabilise at the idle state.

After a certain point, the effects of decreasing the ramp time further diminish due to the system’s inherent

lag and limitations in heat transfer rates, which restrict how quickly it can reach its final steady state. This

behaviour is typical in systems with complex thermal or fluid interactions, such as evaporators.

6.3 Case Study II: Go-Around Process

6.3.1 Grid Independence Study
A spatial grid independence study is performed for the Go-Around scenario to assess the temperature

results at four spatial points. The necessity for this analysis arises from the significant impact of the

number of cells per coil on the modelled geometry. This study fixed the time step at 0.05 seconds, and

temperature results are compared across two consecutive cell numbers per coil. Figures 6.9 and 6.10

display the RMSE values (y-axis) against cell number transitions (x-axis). As in the Start-Up scenario,

higher RMSE values indicate that increasing the cell number caused significant changes in the simulation

results, suggesting the need for further refinement to achieve spatial grid independence.
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Figure 6.9: Spatial Grid Independence Study for Go-Around Process: Inner Flow.

Figure 6.9 illustrates the RMSE values for internal temperature results across various cell number

transitions. The RMSE values consistently decrease as the cell number increases, with a sharp drop from

the first to the second transition. After this, a plateau emerges, indicating minimal changes in tempera-

ture results despite further cell number increases. For the Go-Around scenario, the RMSE values become

negligible during the transition from 8 to 12 cells. This suggests that eight cells per coil can produce tem-

perature results nearly identical to those from higher resolutions. Therefore, the grid independence study

concludes that eight cells per coil are sufficient for accurately capturing temperature dynamics.

Figure 6.10 presents the RMSE for outer flow temperature results with the same time discretisation

as Figure 6.9. The trends for all spatial points are similar to the internal flow results. A sharp decrease

in RMSE after eight cells per coil confirms that eight cells are sufficient for grid independence. However,

external flow RMSE values are generally lower than internal flow, indicating faster grid convergence for

the outer flow temperatures, a characteristic also observed in the start-up scenario. The spatial point at
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Figure 6.10: Spatial Grid Independence Study for Go-Around Process: Outer Flow.

RelX = 4/4 shows consistently lower RMSE values than the other points in both plots due to the same flow

arrangement reason explained in the Start-up case grid convergence study.

Following the spatial grid independence analysis, a time grid independence study is conducted for the

Go-Around case with eight cells per coil. One can see the results in Figure 6.11.
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Figure 6.11: Time Grid Independence Study for Go-Around Process: Inner Flow.

The RMSE plot for internal temperature results across different time step transitions demonstrates a

consistent reduction in RMSE values as the time step decreases. The transition from 0.1 to 0.005 seconds

shows a steady decline in RMSE, indicating improved convergence of temperature results. The most

significant RMSE changes occur at RelX = 1/4, stressing a more pronounced sensitivity at this spatial

point. Compared to the spatial grid analysis, RMSE values are smaller, suggesting less sensitivity to time

step variations in this time step range. RMSE values across all transitions are within an acceptable range.

Thus, the time step of 0.05 seconds can be selected for the transient analysis without significant loss of

accuracy while balancing computational cost. After the spatial and time grid independence studies of the

Go-Around case, in the following subsection, the dynamic response of the evaporator with 8 cells per coil

and time step with 0.05 seconds will be discussed.
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6.3.2 Dynamic Response of the Evaporator
Figures 6.12, 6.13, and 6.14 present the temperature profiles along the normalised tube length for the

Go-Around scenario at various time steps. In the plots, one can observe the dynamic response of the

evaporator step by step. Each plot provides a snapshot of water, represented in blue, and exhaust gas,

represented in red, temperatures. Dashed lines denote the current time step temperatures, and dotted and

solid lines show the initial operating point (OP1, Approach) and the final operating point (OP2, End-of-

Field) temperatures, respectively. The ramp-up of boundary conditions begins at 1 second and continues

until 6 seconds of simulation time.

t = 3s. t = 10s.

Figure 6.12: Temperature Evaluation in Evaporator for Go-Around at t = 3s and t = 10s.

t = 15s. t = 25s.

Figure 6.13: Temperature Evaluation in Evaporator for Go-Around at t = 15s and t = 25s.

Due to the flow geometry, temperatures start rising from the outlet section of the pipe as the exhaust

gas inlet temperature ramps up. This is observed from the comparison at t = 3s, where the temperature

profiles along the tube begin to diverge from the operating point of approach (OP1). Both the water and

exhaust gas temperatures rise more sharply near the outlet, showing early heat transfer in that region.

Also, the phase change region expands significantly as the simulation continues from t = 3s to t =
10s. This growth can be attributed to the increase in the mass flow rate of water, and a more significant

portion of the tube is needed for the phase change. The results demonstrate how the increased flow rate

affects the phase change and overall temperature distribution along the tube. In Figure 6.13, temperature

profiles start to converge to the final steady state. The region of phase change moves further along the
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t = 30s. t = 60s.

Figure 6.14: Temperature Evaluation in Evaporator for Go-Around at t = 30s and t = 60s.

tube. One can also see that evaporation starts to occur in higher temperatures. This variation is due to

the inlet pressure change between OP1 and OP2 which indicates the importance of considering pressure

information propagation. Another important observation in the Go-Around case, as illustrated in Figure

6.14, is that the temperature profiles continue propagating further along the tube even after reaching the

End-of-Field operating point at t = 30s. The temperature profile at t = 60s shows slight deviations from
what would be expected along the tube length. This difference stems from the transient modelling, where

minor errors in the final steady-state profiles become apparent, particularly during operational changes

characterised by high heat transfer rates. Such differences in the final steady-state temperature profiles

are more pronounced in the Go-Around case compared to the Start-up case. Despite these variations,

the outlet temperatures still reflect accurate levels, which is crucial for practical applications. To mitigate

these errors, one could analyse the system using the P-NTU method at the cell level, which considers

flow arrangements and yields perfectly matching results at the last steady state. However, as noted in

the validation chapter, the P-NTU version performs less effectively than the WTI method at the cell level,

especially during transient phases. Therefore, the simulations conducted here account for wall thermal

inertia at the cell level to ensure an accurate representation of the system dynamics.

Ramp Start Ramp End EOF State

[s] [s] [s]

1.0 2.0 28.6

1.0 3.0 29.8

1.0 6.0 30.4

1.0 11.0 32.2

1.0 21.0 36.4

Table 6.5: Effect of Ramp Times for Go-Around Scenario.

As in the Start-up case, the ramp time effect for the evaporator’s dynamic response is investigated

in the Go-Around case. Table 6.5 shows the effect of ramp times on the system’s dynamic response in

terms of reaching the End-of-Field (EOF) steady state. Like the Start-Up case, the "Ramp Start" column

is fixed at 1.0 seconds for all cases, while the "Ramp End" column varies, reflecting the different ramp

durations where boundary conditions continue linearly to change. The "EOF State" column represents

when the system reaches its last steady state. Although the temperature results show that the transient

model’s last steady state differs from the steady model, the time for the EOF state is stamped when the
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temperature profiles are matched. Since the same procedure is applied for all ramp time cases, it gives

a good notion for evaluating the time it needs to reach the last steady state. Like in the Start-Up case,

the system does not respond linearly to the extension of ramp time. For example, while the ramp time

increases by 10 seconds (from 11.0 to 21.0 seconds), the EOF time only increases by about 4.2 seconds (32.2

to 36.4 seconds). This behaviour suggests that while longer ramp times affect the system’s response, they

do not cause a proportional delay in reaching a steady state.

Compared to the Start-Up scenario, the system reaches its steady state much faster in the Go-Around

case. For instance, in the Go-Around case, even with the most extended ramp (21.0 seconds), the system

reaches EOF within 36.4 seconds, while in the Start-Up case, the shortest time to reach idle was 152.3

seconds. This faster response is likely because the Go-Around process begins from an operational state

that is already closer to the final steady state. In contrast, the Start-Up case begins from a cold start and

requires a longer time to heat the evaporator walls and stabilise. Another argument is, that for the Go-

Around case the heat transfer rate within the heat exchanger is much larger compared to Start-Up. This

means, that the ratio of heat capacity of the wall to heat transfer rate is significantly smaller in the Go-

Around case. This leads to faster transient response. In the case of the Go-Around, increasing the ramp

time has a minor effect on the last steady-state time compared to the Start-Up case. This suggests that

the system is more resilient to changes in boundary conditions during Go-Around and can stabilise more

quickly.
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Chapter 7

Conclusion

In the aviation industry, new concepts for aero engines are researched. TheWET concept is one of the pos-

sible solutions for lowering nitrogen oxide emissions and condensation trail formations. Heat exchangers

must be installed into aero engines to realise innovative ideas like the WET concept or hydrogen com-

bustion. Such evaporators operate in a dynamic environment, and their transient response should be

understood at the preliminary design phase to avoid potential troubles during operation. The compo-

nents in an aircraft engine are strongly coupled, and the reaction times must be investigated to evaluate

the interactions of different components in aero engines at a preliminary design stage. This ensures that

the engine runs safely between all operating points during flight. In the scope of this thesis, a transient

model is developed and implemented in a design tool called PreHEAT to analyse the dynamic response of

evaporators in an aero-engine environment. This chapter summarises the findings and contributions of

this thesis focused on developing a transient model. The primary goal was to adapt PreHEAT to handle

dynamic scenarios where transient operating conditions in an aero engine lead to variations in the inlet

boundary conditions of the heat exchanger. These inlet boundary condition variations include pressure,

mass flow rate, and temperature. Also, the Water-Air Ratio (WAR) and Fuel-Air Ratio (FAR) values are

considered particularly relevant for aero-engine exhaust gas. The literature review highlighted the lack of

existing transient models that can simultaneously account for these diverse boundary condition changes,

especially for aircraft-specific applications.

The new transient model successfully handles all these variations with sufficient accuracy and com-

putational speed required for preliminary design, even for complex geometries and operational condi-

tions. Dimensional analyses were employed to establish the validity criteria of imposed assumptions in

the theoretical framework. A methodology combining fluid residence time and simulation time steps was

formulated by investigating simplified energy balance equations. The transient model structure is built

around PreHEAT’s two-level hierarchy: cell-level and heat exchanger-level layers. With a weighted aver-

age approach, the transient model considers both advective and unsteady terms of internal energy balance

at the heat exchanger level layer. Furthermore, wall thermal inertia is integrated using the finite differ-

ence method for wall conductance at the cell level layer. The approach combines analytical and numerical

methods that are suitably applied in different hierarchical layers. The methodology extends PreHEAT’s

capabilities to handle transient responses under aircraft-specific conditions.

A numerical benchmark model was built to validate the transient model in a dynamic simulator pro-

gram called OpenModelica. The benchmark model calculates fluid flow properties and heat transfer rates

using a finite volume solver. The single-phase heat exchanger is modelled, and water is preferred as the

working fluid on both sides to alignwith the assumption of incompressible flow. Three test cases were con-

ducted: the first involves a change in the inlet temperature of the hot fluid. The second test demonstrates a

change in the inlet mass flow rate of the hot fluid. Lastly, the third case considers simultaneous changes in

both temperature and mass flow rates at the inlets of both fluids. The developed method demonstrated an

excellent match with the benchmark model in all three scenarios. The effect of mass flow rate change on

the temperature profiles in different spatial points along the heat exchanger is simultaneously observed

for the fluid side with the inlet ramp. However, a change in the inlet temperature shows its effects with a

time delay along the pipe.

61



Next, in the results and discussion chapter, a spiral-shaped crossflow evaporator geometry is described.

The complex geometry of the evaporator is examined for dynamic response under rapidly changing

boundary conditions. Two transient scenarios are simulated for this specific design. The first scenario

examines a cold start-up to assess how long it takes for the evaporator to reach steady-state conditions.

With a ramp time of 20 seconds, it was observed that the evaporator reached the final steady state in

approximately 165 seconds. At the beginning of the simulation, ladder-shaped temperature profiles are

observed due to spiral geometry and low mass flow rates. For the start-up scenario, the transient model’s

temperature profiles converge perfectly to the last operating point’s steady-state results. This conver-

gence gives an idea about the transient model’s accuracy level. The second scenario explores a go-around

manoeuvre, assessing the evaporator’s dynamic response during a rapid operational mode change. In

this case, the evaporator reached the final steady state within 30 seconds when subjected to a 5-second

ramp, highlighting a significantly faster stabilisation than the start-up scenario. Along the water side of

the evaporator, the phase change region expands from the approach operating point to the end-of-field

operating point. Due to the increase in mass flow rate, the evaporator needs to use a larger region for

the phase change. For the go-around scenario, the transient model’s temperature profiles deviate slightly

from the last operating point’s steady-state results. This deviation in the go-around case arises frommuch

higher heat transfer rates than start-up cases. Additionally, the impact of the ramp duration on transient

behaviour was evaluated. While longer ramp times delayed the approach to steady-state, the relationship

was not linear; increased ramp times did not proportionally extend the time to reach the final steady-state

in either scenario. In the start-up case, increasing the ramp time by 40 seconds causes a delay of 27 seconds

in reaching a steady state. In the go-around case, increasing the ramp time by 19 seconds causes a delay

of 8 seconds in reaching a steady state.

For future work, a primary focus should be on validating the model under two-phase conditions. One

should conduct a thorough heat transfer analysis for two-phase flow by individually changing the bound-

ary conditions. This would help to understand deviations between benchmark results and the developed

method for different variations. Experimental validation should also be conducted to confirm the transient

model’s applicability for preliminary design purposes. Another improvementwould involve relaxing some

simplifying assumptions in the mass and momentum balance equations. Currently, unsteady terms are

neglected, assuming simulations are conducted with short cells. However, modifying the code to account

for these terms would also allow larger cells to be used. This change would increase the computational

efficiency and accuracy. Similarly, relaxing the incompressible flow assumption by incorporating kinetic

energy terms into the heat exchanger-level algorithm could further improve the model’s reliability, and

more accurate simulation results for complex, dynamic conditions can be achieved.
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