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Abstract
Thermal management requirements in modern aircraft have been increasing over time, driven by
the increase in the thermal loads generated by a variety of electronic components and hydraulic
systems. A literature review has suggested that using the fuel, which is meant for propulsion, to
collect the heat generated and reject part of it to the ambient is the most effective method to achieve
thermal management in the current generation of aircraft. The analysis presented in this thesis thus
focused on the performance of fuel thermal management systems (FTMS) for managing the
various thermal loads in an aircraft. The FTMS model consisted of four major components
including a fuel storage tank, high-temperature and low-temperature heat exchangers and bypassloop with proportioning valve. To facilitate the analysis, the FTMS was numerically modelled
using a “systems” approach based on the principles of conservation of mass and energy. From this
theoretical model, a numerical model of the FTMS was developed in the MATLAB/Simulink
programming environment. For the model, the system’s heat exchangers were simulated using a
logarithmic-mean temperature-difference (LMTD) approach. The model also considered variation
in air and fuel properties with temperature and altitude conditions. The numerical model was
compared against values published in the literature and then used to perform parametric studies
for both uniform (i.e., constant altitude and cruise speed) and non-uniform (i.e., variable altitude
and cruise speed) flight conditions. The research considered three primary operational conditions
for the FTMS, namely: (1) a specified operating temperature for heat-dissipating elements, (2) a
specified heat removal rate, and (3) a specified fuel temperature. The performance of the FTMS
was evaluated for these three operational modes during both uniform and non-uniform flight
conditions. In each case, the variations in the heat transfer rates and temperatures at critical point
in the FTMS were calculated for a variety of flight conditions. These conditions included variations
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in altitudes, cruise speeds, fuel burn rates, high-temperature and low-temperature heat exchanger
capacities, fuel tank heat-losses and fuel recirculation rates. The results of this analysis indicated
that when the heat source temperature was maintained at a constant value, the heated fuel
temperature increased, and the heat removal capacity degraded over the duration of flight.
Conversely, for a prescribed heat removal capacity, both the heat source temperature and heated
fuel temperature increased during the flight. Lastly, when the desired heated fuel temperature was
specified, it was observed that the heat source temperature and the heat removal rate both decreased
over time. It was concluded that the optimum fuel recirculation rate was a complex function of
variables, thus highlighting the need for a dynamic control strategy.
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Chapter 1
Introduction
Thermal management has become an essential requirement of modern high-performance
aircrafts [1]. The thermal loads generated by engine, hydraulics and environmental control
systems contribute to the generation of heat in the aircraft [2, 3]. The heat load generated
by the avionics in fourth generation fighter aircraft can be in the range of 100 kW [4, 5]
and this number is expected to increase in the future generation of aircrafts [6]. The
development of compact avionic systems along with upcoming development in directed
energy weapons and radars [7] are expected to add even more heat loads to the aircraft
systems and thus increase the need for thermal management. In addition to all the abovementioned heat loads, an aircraft travelling at supersonic speeds can also generate skin
friction heating that can heat up the airframe drastically [3]. Modern aircraft being made
of composite skins have limited capacity of convective cooling through the airframe [3].
The advent of the more electric aircraft (MEA) concept has increased engine loads in order
to manage the power requirement by auxiliary electric systems [8]. This in turn generates
more heat, resulting in higher engine component temperatures, further justifying a need for
efficient thermal management strategies to be put in place. The need to maintain various
aircraft systems at the optimum temperature level has driven a lot of research efforts into
this area [8]. In order to allow a certain flight endurance, the heat sink used must have
sufficient cooling capacity to compensate for the heat loads generated in the aircraft.
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The different types of heat sinks available in a modern aircraft to dissipate the excess heat
loads is illustrated in Figure 1.1. Traditionally ram air is used as a heat sink by directing it
to an air to air or air to oil heat exchanger [8, 9]. However, due to the low heat capacity of
air, the method of using air alone as a direct cooling medium would be slow and generally
inefficient. With modern aircraft flying at higher altitudes and Mach numbers, the
capability of ram air to be used as a heat sink further deteriorates [10]. Moreover, using
ram air as a cooling medium is associated with a drag penalty and a limitation on the flight
range and aircraft cruise speed and maneuverability [11].

Figure 1.1 Types of heat sinks available in a modern aircraft [9]

A faster and more efficient way to cool the components would be to use a coolant having
a higher heat capacity than air. This brings in the idea of the so-called expendable heat
2

sinks in an aircraft. Expendable heat sinks are particularly attractive when it comes to
managing the sudden and unexpected increases in heat loads that occur in an aircraft [12].
However, such a heat sink is not feasible for use in sustained flight operations due to heat
loads being present throughout the flight profile rather than intermittently. Another
disadvantage of expendable heat sink is the increase in mass and storage space
requirements.

An even more effective option for dissipating the heat generated by the aircraft systems
would be to sink the thermal loads into the fuel carried by the aircraft before it is fed to the
engine for propulsion [13]. The use of fuel as heat sink was first suggested in 1963 to cool
down the lubrication oil used for turbojet engines [8]. This was followed up in 1969 with
the use of fuel to cool down the engine and airframe. The use of fuel as a heat sink
decreased the drag and payload penalty which would otherwise be incurred with the use of
other heat sink options.

However, this method of cooling comes with its own challenges. In fact, adding more heat
to the fuel increases the temperature of the fuel and the risk of chemical instability,
autoxidation or premature ignition. In order to prevent these undesirable effects, fuel
refrigeration had been proposed in a study conducted in 1981 [8]. Nonetheless this would
result in an increase in power requirement from the engine. To prevent the fuel from
becoming thermally unstable, methods have been researched in the areas of fuel additives
that give higher thermal stability to fuel [14]. Other methods to prevent fuel from becoming
thermally unstable include deoxygenation of fuel and endothermic thermal cracking [15].
3

It was in 1987 that United Technologies Corporation put forth a patent to use cooling loops
[8]. The recirculating fuel systems, in addition to removing the heat load, helped to preheat
the fuel before sending it to the engine for combustion. This improved the quality of
combustion and thus the fuel efficiency of the aircraft. An aircraft using recirculating fuel
thermal systems uses fuel-coolant loops to remove heat from the heat generating
components and dissipate it to the fuel [8]. The coolant used as medium would absorb the
heat from the components and help in uniform addition of heat to the fuel without
generating hotspots. This heated fuel is then burnt off at the engine and a fraction of the
fuel is recirculated and sent back to the tank. This recirculated fuel is cooled down in a cold
temperature heat exchanger which rejects heat to the ambient air and this helps the fuel to
absorb more heat from the heat generating components of the aircraft.

Another idea to use cooled cooling air (CCA) system was put forth in the year 1999 by the
US Air Force Research Laboratory with the claimed potential to assist with thermal
management in addition to improving the overall engine performance [16]. The proposed
system as shown in the Figure 1.2 used cooled air to remove the heat from the turbine and
compressor section of the engine. In this concept, the air provided by the bleed air of the
engine was sent to the heated areas for cooling.

As mentioned earlier, fuel being susceptible to thermal instability, required tracking of the
thermal energy addition and removal along with temperature at critical points in the fuel
thermal management system. Such an approach calls for the implementation of fuel thermal
management systems to be installed in aircrafts that focus on controlling heat removal
4

using the fuel of aircraft. In view of the large variety of flight profiles, aircraft designs and
aircraft operation conditions, creating a numerical model of the thermal management
system seems to be the most effective and cost-efficient method of designing the system.
This was the focus of the study conducted in 2009 which adopted a control-volume based
approach using Numerical Propulsion System Simulation (NPSS) software [17]. This study
put forth an idea to create a software model for the analysis and design of a fuel thermal
management system.

Figure 1.2 Cooled cooling air system [16]
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Chapter 2
Literature Review
The literature review for this work starts with study of articles on aircraft thermal
management systems. This helps to identify the current requirement for a better thermal
management system and develop an understanding of the various heat loads that are present
in an aircraft. An understanding of the evolution and current developments in this topic is
also established during this study. The research then progresses to obtain an insight into
the different types of heat sinks available to manage the thermal loads and the rationale for
using jet fuel as the heat sink was made. Following this, studies containing development
of jet fuel and its properties are explored. The properties of jet fuel which make it a suitable
candidate for heat sink and the mechanics of heat addition to the fuel are examined.
Subsequently, articles considering different concepts for aircraft thermal management
systems were reviewed. This helps to formulate a basis for the model that had to be created
for a systems approach to the problem. Finally, articles which used computer software to
create the models are looked at. This helped in deciding the software platform that could
be utilized efficiently for simulation of the numerical model.

2.1 Requirement for thermal management system in an aircraft

Freeman et al. [18] outlined the challenges and the potential solutions to the problem
associated with aircraft thermal management. The study pointed to the dearth of focus on
the integration of components in a thermal management system. It further gave a scale of
the existing heat loads present in current aircrafts. The work identified the thermal
6

requirements of high-power airborne electronics and called for a detailed investigation into
these systems. The need for analysis software and system-level tests in addition to
promoting the integration of propulsion and thermal management systems and the need to
develop a conceptual design software were put forth in the literature [18]. Roberts and
Decker [6] created a tip to tail model to be used in the early design phase of an aircraft to

optimize energy usage. The paper pointed out that the next generation aircraft will be facing
more thermal challenges due to increased reliance on electrical systems and the reduction
in ram air inlet area to achieve a reduction in drag. Doty et al. [19] looked at the transient
nature of the cooling required in an aircraft thermal management system due to the
pulsating nature of the heat loads present in an aircraft and addressed control strategies and
technologies which could help overcome these challenges. The study also called to
attention the requirement of a multidisciplinary approach and the incorporation of dynamic
results and uncertainties into a system level model to solve the problem. Jafari and
Nikolaidis [8] conducted a comprehensive review on thermal management systems
exposing the shortcomings of existing approaches and aspects that need further research in
order to make these systems feasible for the future generation of aircraft. All the above
studies supported the fact that more work is required into designing systems to handle
thermal loads in an aircraft. The different heat sink options available in the literature are
described below.

2.2 Traditional heat sinks in an aircraft

Yu-Feng et al. [9] looked at the cooling ability and capacity of heat sinks in modern
supersonic aircraft. The study investigated the cooling capacities of various heat sinks
7

under different flight conditions by formulating estimation models. The different heat sinks
namely ram air, engine fan air, skin heat exchanger, expendable heat sinks and jet fuel were
investigated in the study. The paper concluded that thermal management systems should
be adapted to the aircraft and specific flight conditions. Fuel was suggested as the most
important heat sink for modern aircraft.

Johnson et al. [11] looked at using ammonium carbamate as an endothermic heat sink.
However, this kind of heat sink required an additional expendable thermal management
system to account for the transient heating states. Kota et al. [14] presented a conceptual
design of a dual heat sink which can work in a low thermal duty cycle and high heat flux
electronic applications. Even though the concept seemed novel, the article stated that the
numerical approach created can only be used as a guideline and not a final design criterion.
The paper concluded that further experiments and numerical analysis were required to
understand the behavior and performance of the system during transient operation. Sousa
et al. [3] performed a thermal analysis of surface heat exchangers with an experimental set
up. Here the study attributed the properties of high density and thermal conductivity to the
use of fuel as a primary cooling source. Thus, a conclusion was reached to consider using
fuel as a heat sink for the thermal management system.

The next section looks specifically at aircraft thermal management systems using fuel as
the heat sink with further focus on the system and the implications of the required fuel
quality.
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2.3 Fuel as a heat sink in aircraft

Sobel and Spadaccini [20] highlighted the interest in increasing the thermal stability of fuel
in the context of thermal management, specifically exploring catalysts that can be added to
hydrocarbon fuels. The paper further stated that for high speed aircrafts, the intake ram air
might be too hot to be used as heat sink thereby making the jet fuel a suitable candidate as
an on-board heat sink. Similar to this research Heneghan et al. [21] investigated the
development of JP-8+100 which is a high thermal stability jet fuel. This work supported
the argument that jet fuel not only provides a propulsive energy for flight but also could be
used as a primary coolant to dissipate the heat loads in an aircraft. The article also
enunciated the development of an additive package which helped the fuel to attain an
increase in allowable maximum bulk temperature to about 490 K. Jones et al. [22]
considered surface and bulk fouling that can occur due to the recirculation of aviation fuel
and considered fuel as a major source of cooling for component systems. The work also
stressed on the need for efficient management of fuel and the requirement to limit the
exposure time of the fuel to very high temperatures. Jiang et al. [23] made an effort to
create experimental setups to understand and predict the heat transfer mechanisms in jet
fuels. Wickham et al. [24] also considered using fuel as a heat sink with the combination
of an air-fuel heat exchanger. This study supported Heneghan et al. [21] and concluded that
additives added to the fuel decreases the endothermic cracking temperature thereby making
fuel an attractive heat sink for air-breathing engines.
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The trends of these studies clearly indicate that jet fuel is currently the best heat sink
available for use in an aircraft thermal management system. The following section reviews
system level approaches to fuel thermal management systems (FTMS).

2.4 Systems approach to analyze FTMS

A systems approach of an aircraft FTMS with recirculation was looked at by German [13]
to help in the early design phases of an aircraft. A single tank model was adopted and used
the principles of conservation of mass and energy applied to individual components such
as the waste-heat exchanger, the recirculation valve and the cooler. The fuel tank
temperature rise was calculated for a specific flight profile, thereby providing an indication
of the effect on the thermal endurance of the aircraft. The model specified the amount of
waste heat input into the system and the cooling power at each stage of flight and assumed
them to be independent of the flight profile. The model also considered that the fuel
properties were not affected by the temperature variation. The study concluded that with
increasing aircraft thermal loads and the limited fuel carrying capability, absorbing the heat
generated was impossible without recirculation of fuel. The model worked for estimating
a quasi-steady state but did not respond well to transient behavior changes.

A similar approach using the principles of conservation of mass and energy was followed
by Doman [25] to create a FTMS model. The objective of the model was to determine the
optimal cruise altitude for aircraft thermal management and to ensure fuel temperature
limits were not violated at any point during the flight. Similar to the previous work
10

discussed, the waste heat added to the fuel was modelled as a user input instead of being
calculated. However, the cooler was modelled as a heat exchanger using the logarithmic
mean temperature difference (LMTD) method. Efforts were put into deriving the
relationship between fuel properties, atmospheric air properties and other aircraft
performance parameters. The thermal range and endurance of the aircraft under optimal
thermal cruise conditions was also estimated. In yet another publication, Doman [26]
explored the possibility of using a dual-tank setup instead of a single-tank setup in order to
increase the thermal endurance of the aircraft. While one tank acted as a reservoir, a tank
with a smaller capacity was set aside for recirculation. It was concluded that a dual tank
fuel topology with a proper control mechanism can in fact increase the thermal endurance
of an aircraft. Huang and Doman [27] used an optimal control strategy and concluded that
the dual tank setup helped release energy faster in comparison with the single tank system
and thus provided increased thermal endurance. An experimental setup was then created
by Huang et al. [28] based upon the model created by Doman [26] but using water instead
of fuel as the heat sink. The water-based setup was designed ensuring dimensional
similarity with a full-scale aircraft FTMS.

2.5 MATLAB/Simulink as a tool to analyze FTMS models

Looking at the approaches followed in the earlier publications, it was decided that a
systems approach was appropriate to perform further studies in a fuel thermal management
system. The numerical model created had to be analyzed and parametric studies had to be
performed to design the FTMS and to understand its behavior. For simulating the model
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through the required flight conditions, and to calculate the variables in a time and costeffective manner, the model had to be coded into computer software. To select the software,
publications that used computer simulations of fuel thermal management systems were
assessed.

The study by McCarthy [29] assessed the use of the MATLAB/Simulink software to model
an FTMS. The MATLAB/Simulink software allowed a rapid system analysis and
optimization and contains a wide range of numerical integration solvers suited for heat
transfer problems. The article provided a broad outlook at designing each component of
the system individually but did not perform a parametric study. Zhuang et al. [30]
investigated the mathematical models of an aircraft thermal management system using the
MATLAB/Simulink software. This work endorsed the fact that an FTMS model created
using MATLAB/Simulink software can be used to perform studies which will help in
designing the components of the system.

2.6 Thesis objectives

It can be concluded from the literature review that more research is required into thermal
management systems that can be used in an aircraft. Since fuel was established to be the
best available heat sink in an aircraft, the decision was made to conduct the research on
fuel thermal management systems. In order to analyze an FTMS and perform parametric
studies, a systems approach was found to be ideal.
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Even though FTMS models had been proposed earlier using MATLAB/Simulink software,
these studies did not perform a detailed parametric study which would aid in designing an
FTMS. The previous researchers also did not consider simulating non-uniform flight
conditions in the software. Some of the previous papers considered the heat added to the
fuel at the load side heat exchanger to be a fixed specified value. Additionally, even though
some of the studies considered a LMTD method to size the low temperature heat exchanger
in the FTMS, most still assumed an arbitrary value for the cooling capacity available at a
particular instant in the aircraft flight plan. Finally, while only some of the articles
considered the variation in air properties due to the change in flight conditions, all the
publications considered the thermal properties of fuel to remain constant for varying
temperatures.

Based on the previous work, the following objectives were identified for this thesis:

1. Build a numerical model of FTMS using a “systems approach”.
2. Model the high-temperature heat exchanger/heater (heat source) and lowtemperature heat exchanger/cooler (heat sink) using the logarithmic mean
temperature difference (LMTD) approach.
3. Account for property variation in the fuel (as a function of temperature) and air (as
a function of flight altitude, temperature and pressure).
4. The model should be able to predict the variation of the fuel temperature, the
surface temperature of the heat dissipating components and the heat removal
capacity during the flight.
13

5. Provide a parametric study demonstrating the sensitivity of the FTMS to various
flight conditions, including flight altitude, cruise speed and heat exchanger
parameters.
6. The model should identify the key parameters that are critical to the performance
of FTMS.
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Chapter 3
Problem formulation
A fuel thermal management system (FTMS) model has to be created in order to analyze its
thermal behavior in an aircraft. The system being discussed, in its simple form consisted
of the following major components: a fuel tank, a high temperature (load-side) heat
exchanger/heater, a proportioning valve and a low temperature (heat rejection) heat
exchanger/cooler as shown in Figure 3.1.

Figure 3.1 A simple representation of an FTMS with fuel recirculation

The fuel tank in an FTMS is where the fuel is contained. The mass and temperature of the
fuel in the tank vary over time and are designated as mT and TT, respectively. The fuel from
the tank is drawn through the heater towards a proportioning valve. The mass flow rate out
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of the tank, ṁ1, is split into the mass flow rate of the fuel required by the engine, ṁE, and
the mass flow rate required for recirculation, ṁR, at the proportioning valve. The mass of
fuel in the tank, mT, decreases as the aircraft executes its mission. The tank is also assumed
to have a wall heat transfer to the surroundings, 𝑄̇𝑙𝑜𝑠𝑠 .

Heat is transferred from the heat generating components of the aircraft to the fuel in the
high temperature heat exchanger. The overall fuel mass flowrate, ṁ1, at temperature, TT,
from the tank flows through the high temperature heat exchanger where it collects the
excess heat, 𝑄̇𝐻 , from the heat generating components of the aircraft before leaving the
heat exchanger at a temperature, TH. The heat generating components are at a temperature

Tsource. The heat source temperature constitutes the primary variable in the present
investigation.

The fuel flowing through the high temperature heat exchanger then reaches the
proportioning valve where it is divided into two streams. The fuel stream of mass flow rate,

ṁE, is sent to the engine to be burnt off for propulsion. The excess mass of fuel flow stream
termed the recirculating mass flow rate, ṁR , is returned to the tank after being cooled down
in a low temperature heat exchanger referred to as the cooler for simplicity.

The cooler is a low temperature heat exchanger where a portion, 𝑄̇𝐶 , of the heat absorbed
by the fuel is rejected to the ambient. The recirculated flow of the fuel mass, ṁR, which
reaches the cooler at temperature, TH, is cooled down to temperature TC. The surface of the
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low temperature heat exchanger is at a temperature, Tsink. In the following sections, the
high temperature heat exchanger and the low temperature heat exchanger will also be
referred to as the heater and cooler for simplicity.

The objective of the FTMS illustrated in Figure 3.1 is to ensure a safe aircraft operation,
by removing the heat generated by the heat generating aircraft components, allowing the
surface temperature of these components to remain within an acceptable range, while
safeguarding the thermal and chemical integrity of the fuel before it is fed to the engine.
The three modes of operation of the FTMS that have been identified for investigation are
as follows:
•

Mode 1: Maintain the surface of the high temperature heat exchanger at a specified
temperature, Tsource, and predict the variations of the heat removal capacity, 𝑄̇𝐻 ,
and the temperature of the heated fuel, TH, during the flight.

•

Mode 2: Maintain the heat removal capacity at the high temperature heat exchanger,
𝑄̇𝐻 , at a specified value, and predict the variations of the heat source temperature,

Tsource, and heated fuel temperature, TH, during the flight.
•

Mode 3: Maintain the temperature of the fuel supplied to the engine (heated fuel
temperature) at a specified value,TH, and estimate the variations of the heat removal
capacity at the high temperature heat exchanger, 𝑄̇𝐻 , and the resulting heat source
temperature,Tsource, during the flight.
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It is acknowledged that designing a comprehensive strategy that simultaneously controls
the heat removal capacity, 𝑄̇𝐻 , the heat source temperature, Tsource, and the heated fuel
temperature, TH, would be ideal, but this was deemed to be outside of the scope of this
thesis.

18

Chapter 4
Modelling

In this chapter, the governing equations of the numerical model are presented. These
equations represent the FTMS that was presented in Chapter 3. The system consists of a
fuel tank, a high temperature heat exchanger/heater representing the heat dissipating
components, a proportioning valve and a low temperature heat exchanger/cooler. To create
the model, each of these components is analyzed separately using the principles of
conservation of mass and energy.

First of all, considering the fuel tank as a control volume, the change in internal energy
over time is equal to the difference between the energy flowing into the tank and the energy
flowing out of the tank. The energy coming back to the tank is due to the recirculated mass
flow rate of fuel, ṁR, returning to the tank at temperature TC. The energy leaving the tank
control volume has two components: the mass flow rate of fuel, ṁ1, leaving the tank at
temperature, TT, and the energy lost through the tank envelope, 𝑄̇ loss.

𝑑
(𝑚 𝑢 ) = ṁ𝑅 ℎ𝐶 − (ṁ1 ℎ𝑇 + 𝑄̇𝑙𝑜𝑠𝑠 )
𝑑𝑡 𝑇 𝑇

(4.1)

where 𝑢𝑇 is the specific internal energy of the fuel in the tank at a temperature TT, and ℎ𝑇
and ℎ𝐶 are the specific enthalpies of the fuel at the tank temperature, TT, and low
temperature heat exchanger exit temperature, TC, respectively. The specific mechanism of
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heat loss from the tank is not considered in this model. Instead, the value of 𝑄̇ loss is specified
as a user input.

Considering the high temperature heat exchanger as the control volume, and assuming that
all the heat dissipated by the heat generating components, 𝑄̇𝐻 , is effectively transferred to
the fuel, the following equation can be written:

𝑄̇𝐻 = ṁ1 ( ℎ𝐻 − ℎ𝑇 )

(4.2)

where ℎ𝐻 is the specific enthalpy of the heated fuel at the exit of the high temperature heat
exchanger. The heat transfer at this high temperature heat exchanger can also be expressed
using the logarithmic mean temperature difference method (LMTD) [31]:

𝑄̇𝐻 = 𝑈𝐻 𝐴𝐻 ∆𝑇𝑙𝑛 = 𝑈𝐻 𝐴𝐻

(𝑇𝐻 − 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 ) − (𝑇𝑇 − 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 )
𝑙𝑛 ((𝑇𝐻 − 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 ))/((𝑇𝑇 − 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 ) )

(4.3)

where 𝑈𝐻 𝐴𝐻 is the thermal conductance of the high temperature heat exchanger and Tsource
is the surface temperature of the heat exchanger. It is noted that while using the LMTD
method, the overall heat transfer coefficient, specific heat and mass flow rates of the fluids
inside the heat exchanger are constant. The flow conditions are steady and there is no phase
change in either of the fluids during heat transfer. The heat exchanger is assumed to be
perfectly insulated does not lose heat to the surroundings. The axial conduction along the
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tubes as well as the kinetic and potential energy changes inside the heat exchanger are
negligible.

The mass of fuel flowing out of the heater is divided by the proportioning valve into the
amount of fuel mass flow required by the engine, ṁE, and the amount of fuel which is being
recirculated, ṁR, for the purpose of heat rejection. The conservation of mass is applied to
this component of the system to obtain an expression for the overall mass flow rate from
the tank as follows:

ṁ1 = ṁ𝐸 + ṁ𝑅

(4.4)

The engine fuel burn rate is directly proportional to the rate of decrease of the fuel quantity
in the tank:

𝑑𝑚 𝑇
= − ṁ𝐸
𝑑𝑡

(4.5)

In a similar fashion to the high temperature heat exchanger (Equations 4.2 and 4.3) the
energy balance equation is written for the low temperature heat exchanger as:

𝑄̇𝐶 = ṁ𝑅 (ℎ𝐻 − ℎ𝐶 )
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(4.6)

𝑄̇𝐶 = 𝑈𝐶 𝐴𝐶 ∆𝑇𝑙𝑛 = 𝑈𝐶 𝐴𝐶

(𝑇𝐶 − 𝑇𝑠𝑖𝑛𝑘 ) − (𝑇𝐻 − 𝑇𝑠𝑖𝑛𝑘 )
𝑙𝑛 ((𝑇𝐶 − 𝑇𝑠𝑖𝑛𝑘 ))/((𝑇𝐻 − 𝑇𝑠𝑖𝑛𝑘 ))

(4.7)

where 𝑈𝐶 𝐴𝐶 is the thermal conductance of the low temperature heat exchanger and Tsink is
its surface temperature. The heat transfer coefficient, UC, of the low temperature heat
exchanger is calculated assuming the cooler to be a flat plate and using the corresponding
Nusselt number correlations [31]:

For a laminar flow regime,

𝑁𝑢 = 0.664𝑅𝑒 (1/2) 𝑃𝑟 (1/3)

(4.8)

In the case of a turbulent flow regime,

𝑁𝑢 = (0.037𝑅𝑒 (4/5) − 871)𝑃𝑟 (1/3)

(4.9)

where, Re is the Reynolds number and Pr is the Prandtl number.

For this study the surface temperature of the low temperature heat exchanger is assumed
to be equal to the stagnation temperature at the surface of the wing. The stagnation
temperature, Tsink, can be modelled as a function of ambient air properties and Mach
number, M, of the aircraft [31].
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𝑇𝑠𝑖𝑛𝑘 = 𝑇𝑒𝑥𝑡 [1 + 𝑃𝑟 (1/3)

(𝛾 − 1) 2
𝑀 ]
2

(4.10)

where, γ is the ratio between the specific heat of air at constant pressure to the specific
heat of air at constant volume. This equation therefore allows the model to account for
aerodynamic skin friction heating which is an additional feature of the model in this thesis
compared to the open literature. The Mach number, M is determined as a ratio of aircraft
velocity, V and speed of sound in the medium, 𝑎. The specific gas constant for air is taken
as 287 J/kg to compute the speed of sound in the medium.

𝑀=

𝑉
𝑉
=
𝑎
√𝛾𝑅𝑇

(4.11)

It is important to note that, contrary to all previously published work, the current study
considers the variation of the air and fuel properties with temperature, pressure and altitude
of flight. The property variation laws are taken from reference [32] and are presented in
Appendix A.

For given flight conditions, Equations 4.1 - 4.10 allow for the calculation of the variation
over time of the temperatures at different points of the FTMS, as well as the heat transfer
rates at both the high and low temperature heat exchangers. Of particular interest are the
variation of the heat removal capacity, 𝑄̇𝐻 , the variation of the heat source surface
temperature, Tsource, and the variation of the heated fuel temperature, TH .
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Once the equations were formulated, they were solved for the entire duration of flight to
obtain the time variations of problem variables, including Tsource, 𝑄̇𝐻 and TH for different
flight conditions For this purpose, a system level software tool which solved for the
variables at specified time steps had to be built to facilitate rapid analysis of the thermal
management system. A time step is the time interval at which the computation happens,
and the equations are solved.

It was decided that the system modelling would be done in the MATLAB/Simulink
software environment due to its high fidelity and modular capability [29]. Simulink uses a
block diagram format that supports system level design and simulation. It provides a
graphical editor, block editors and solvers for modelling and simulating dynamic systems.
One of the key features of the software is the integration of MATLAB in the modelling
environment, thus enabling incorporation of MATLAB algorithms into the model and
processing the results in MATLAB for further analysis.

A block diagram of the MATLAB/Simulink model is given in Figure 4.1. The basic coding
of the program has been listed in the Appendix B. A fixed time step solver was decided
upon to solve the equations so as to have a good balance between accuracy of the results
obtained and the computing time required to complete the simulation. A preliminary study
on the different types of solvers available in MATLAB/Simulink was conducted and can
be found in Appendix C. The type of solver used was set to ode3 since this seemed to be
the common solver used. The solver works on the basis of Runge-Kutta method for solving
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the differential equations in the model [33]. A detailed study on the different types of
solvers available and the results produced by them could be done as future work.

The model consisted of an integration variable to represent mass in tank with respect to
time and the initial condition of this term was set to be the initial mass of fuel in the tank.
As time progressed, the mass of fuel in the tank would decrease as dictated by Equation
(4.5). The initial tank fuel temperature is specified before the start of the simulation and the
corresponding enthalpy is calculated using correlations from the reference [32]. This
enthalpy value then serves as the initial condition for the derivative function representing
the change in enthalpy of fuel in tank with respect to time.

The integration function and the derivative function are solved for each time step and the
value saved for calculation over the entire duration of flight. In addition to the derivative
and integration functions, other user defined functions were used to calculate the heated
and cooled fuel temperatures. These functions receive the tank fuel temperature and the
mass of fuel in tank values computed by the derivative and integration functions for every
time step. Finally, a function dependent on simulation time was programmed to define the
flight profile. This function is used to define the following parameters of the flight:
1. Altitude of flight, H
2. Velocity of aircraft, V
3. Heat removal rate, 𝑄̇𝐻
4. Mass flow of fuel to engine, ṁE

25

These inputs can be set for a period of time using the flight profile function and varied for
different simulations having different flight programs. The simulation time can be varied,
and the program can be run to obtain the results for the variables as required by the user.
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Figure 4.1 Block diagram of FTMS created in MATLAB/Simulink
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Chapter 5
Validation
The mathematical model of an aircraft thermal management system using fuel as the
cooling medium has been presented in Chapter 4 (Equations 4.1 – 4.11), together with its
implementation in MATLAB/Simulink. The different steps taken to ensure that the model
was appropriate for the problem at hand are presented in this chapter.

5.1 Time-step validation

Using a suitable time-step is crucial for any quasi steady state model such as the present
FTMS model. The objective here is to run the simulations while keeping a balance between
accuracy and required computing time. To decide on a proper time-step, the FTMS model
is executed to simulate a flight condition lasting 4500 seconds with an initial fuel mass of
4500 kg. The other flight conditions such as altitude, cruise speed, fuel flow rate to the
engine, fuel recirculation rate etc. were maintained constant throughout the duration of
flight and are shown in Table 5.1.1.

In order to ascertain whether the time-step of the simulations is appropriate, six different
time-step values were considered: ∆t = 500 s, ∆t = 100 s, ∆t = 10 s, ∆t = 1 s, ∆t = 0.1 s and
∆t = 0.01 s. It is hypothesized that the smaller the time-step, the more accurate the
calculated results will be. However, the computation time penalty increases as the timestep decreases. The purpose of this exercise was therefore to decide on a time-step value
that would be the best suitable for both the accuracy of results and computation cost.
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Table 5.1.1 Uniform flight conditions

Parameter

Value

Units

Simulation time, t

4500

s

Initial tank fuel mass, 𝑚 𝑇 initial

4500

kg

Mass flow rate of fuel to engine, ṁ𝐸

0.8

kg/s

Recirculation mass flow rate, ṁ𝑅

0.5

kg/s

Overall mass flow rate, ṁ1

1.3

kg/s

Initial tank fuel temperature, 𝑇𝑇 initial

288

K

Heat source temperature, Tsource

375

K

Speed of flight, V

250

m/s

10,000

m

Altitude of flight, H

It was expected that the highest variation would occur at the heated fuel temperature and
the heat removal rate values. These values were monitored in three intervals of the
simulation: initial time-step calculation, t = 3000 s and t = 4500 s (final time-step
calculation). Table 5.1.2 and Table 5.1.3 gives numerical illustration of the differences in
the results between the different time-step simulations in terms of the heated fuel
temperature and heat removal capacity at the heat source. Figure 5.1.1 and Figure 5.1.2
shows the variation in the value of heated fuel temperature at the initial time-step of
calculation in the simulation for the six different time-steps that were tested. It can be seen
that in both the case of heated fuel temperature and heat removal rate, the error in values
reduce for smaller time-step values as is expected. The values after a time-step of 10
seconds do not show any variation that can be read from both the figures.
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Table 5.1.2 Heated fuel temperature values for various time-steps

Time-step

Simulation

(s)

run time (s)

Heated fuel temperature, TH (K)
Value at 500 s

Value at 3000 s

Value at final
time-step

500

1.89

315.93

320.43

325.11

100

6.28

316.05

320.53

325.19

10

14.97

316.07

320.55

325.20

1

119.1

316.08

320.55

325.21

0.1

2814.3

316.08

320.55

325.21

0.01

11462.3

316.08

320.55

325.21

A variation of 0.05 % is observed in the initial values of heated fuel temperature between
the time-step of 500 s and 0.01 s. The final values of the heated fuel temperature at the end
of the simulation time-step encounter a difference which is much less than the initial values
at the start of the simulation between the considered time-steps. Similarly, the initial and
final values of the heat removal rate are compared between the same time-steps, showing
a difference of about 1% in the initial values 0.2 % in the final values. An important factor
to be noted is that these validation cases are run for constant flight conditions and that
errors could be larger for non-uniform flight conditions with varying cruise speed, climb
rate and engine fuel consumption. Adding more features to the program in the future can
make it more complex thereby requiring more accuracy for calculations. A time-step
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validation for one of the cases of non-uniform flight has been conducted in Appendix D
and supports the time-step of 0.1 second.

Figure 5.1.1 Heated fuel temperature at t = 500 s for various time-steps

Figure 5.1.2 Heat removal rate at t = 500 s for various time-steps
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On the other hand, the computation time with a smaller time-step than 0.1 second is
observed to be significantly higher and not justifiable for the accuracy of the result
obtained. Thus, it is concluded that the time-step of 0.1 second is suitable for analyzing the
results and conducting a parametric study using the present model.

Table 5.1.3 Heat removal rate values for various time-steps

Time-step

Simulation

(s)

run time (s)

Heat removal rate, 𝑸̇𝑯 (W)
Value at 500 s

Value at 3000 s

Value at final
time-step

500

1.89

71689.20

66006.41

60143.76

100

6.28

71541.06

65882.90

60042.66

10

14.97

71507.94

65855.35

60020.67

1

119.1

71504.64

65852.59

60018.47

0.1

2814.3

71504.31

65853.78

60018.25

0.01

11462.3

71504.28

65852.44

60018.23

5.2 Comparison with result from the literature

The results generated using the FTMS model proposed in the present research are
compared to the data published in Doman [26]. It is noted that the model in Doman [26]
did not account for property variations of fuel and air nor did it employ the LMTD concept
for the high temperature heat exchanger. To directly compare the current model with the
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model of Doman it was necessary to fix the fuel and air properties as used by Doman. The
constant flight conditions for this case of validation are shown in Table 5.2.1.

The variation of the fuel tank temperature over the course of the flight for both the model
in the thesis and the model from the literature is shown in Figure 5.2.1. A close agreement
between the two sets of result is observed after superimposing them on to the same plot.

Table 5.2.1 Flight conditions for validation

Parameter

Value

Units

Simulation time, t

11519

s

Initial tank fuel mass, 𝑚 𝑇 initial

3050

kg

Recirculation mass flow rate, ṁ𝑅

0.74

kg/s

Mass flow rate to engine, ṁ𝐸

0.26

kg/s

Overall mass flow rate, ṁ1

1.0

kg/s

Initial tank fuel temperature, 𝑇𝑇 initial

288

K

Stagnation temperature, 𝑇𝑠𝑖𝑛𝑘

238

K

Specific heat capacity of fuel, 𝐶𝑃

2010

J/kg.K

Heat removal rate, 𝑄̇𝐻

105

kW

It is acknowledged that comparison of the results with a single literature is not the best case
for validating the model. However due to limited amount of studies of this nature being
performed on this topic, the data available to compare the results is sparse. The proposed
mathematical model and its numerical implementation in MATLAB/Simulink software is
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therefore considered to be correct and appropriate for conducting further parametric studies
of the aircraft fuel thermal management system in this project.

Figure 5.2.1 Comparison with results from the literature for verification of model

Figure 5.2.2 Comparison of results with and without fuel property variation
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In the present model, as noted earlier, fuel property variation with temperature was
considered. As illustrated in Figure 5.2.2, a difference of approximately 5 K in the heated
fuel temperature can be observed when fluid property variation is accounted for. It should
be noted that these simulations were run for constant flight conditions and more variation
may occur in the case of non-uniform flight conditions.
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Chapter 6
Results
Parametric studies were performed using the MATLAB/Simulink FTMS model that was
described in Chapter 5. The simulations in the MATLAB/Simulink model were run for a
specified period of time that represented the duration of flight. In addition to the duration
of flight, conditions of flight such as altitude, cruise speed, mass flow rate of fuel to the
engine and recirculation mass flow rate can be specified in the program. For a flight profile
with different phases, the rate of climb is specified to simulate varying altitudes with
changes in cruise speed and fuel burn rate by the engine. As mentioned in Chapter 3, in
order to study the function of thermal management, three modes of operation were
simulated with the key parameters being monitored in each case:
•

Mode 1: Maintain the surface of the heat source at a specified temperature, Tsource,
and monitor the variations of the heat removal capacity, 𝑄̇𝐻 , and the temperature of
the heated fuel, TH, during the flight.

•

Mode 2: Maintain the heat removal capacity at the high temperature heat exchanger,
𝑄̇𝐻 , at a specified value, and monitor the variation of the surface temperature,

Tsource, and heated fuel temperature, TH, during the flight.
•

Mode 3: Maintain the heated fuel temperature at a specified value,TH, and monitor
the variations in required heat removal capacity at the high temperature heat
exchanger, 𝑄̇𝐻 , and resulting heat source surface temperature,Tsource, during the
flight.
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The three key parameters that are to be maintained constant in the three FTMS modes
mentioned above are referred to as the primary parameters of the FTMS. Secondary
operating conditions also known as the secondary parameters that will be discussed during
the parametrical study include the flight altitude, the cruise speed, the high-temperature
and low-temperature heat exchanger specification, the fuel burn rate and the fuel
recirculation rate. The results are presented for Mode 1 of FTMS operations, first for a
uniform flight profile followed by a non-uniform flight profile. The Mode 2 and 3 operating
conditions were also simulated, and these results can be found in Appendices E - I.

6.1 Mode 1 FTMS: Controlling heat source temperature in uniform flight conditions

The simulations were first run for a flight at constant altitude, cruise speed and mass flow
rate of fuel to engine throughout the duration of flight. A base case scenario was simulated
for the primary parameter before running simulations for cases with different values of
altitude, cruise speed, high temperature heat exchanger conductance value, low
temperature heat exchanger surface area, tank heat loss and recirculation mass flow rates.

Keeping the primary parameter constant, the secondary parameters were varied as shown
in Table 6.1.1. The variation of the other two primary parameters was recorded and
analyzed in each of the cases. Flight altitude values of 2500 m, 5000 m, 7500 m, 10,000 m
and 12,500 m were analyzed. Cruise speeds of 200 m/s, 250 m/s, 300 m/s, 350 m/s and
400 m/s were simulated to mimic subsonic, transonic and supersonic speeds of flight. The
high-temperature heat exchanger conductance values of 500 W/K, 1000 W/K, 1500 W/K,
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2000 W/K and 2500 W/K were then considered for different simulations of the model. In

the case of the low temperature heat exchanger, surface area values of 0.5 m2, 1.0 m2,
1.5 m2, 2.0 m2 and 2.5 m2 were considered. Variable recirculation rates were then
considered with values of 0.01 kg/s, 0.1 kg/s, 0.5 kg/s, 1.0 kg/s and 1.5 kg/s.

Table 6.1.1 Selected values of secondary parameters for parametric study
Flight

Cruise

Heater

Cooler

Tank heat

Recirculation

altitude, H

speed, V

conductance

surface

loss values,

mass flow

values, UHAH

areas, AC

𝑸̇loss

rate, ṁ𝑹

2500 m

200 m/s

500 W/K

0.5 m2

- 10 kW

0.01 kg/s

5000 m

250 m/s

1000 W/K

1.0 m2

0 kW

0.1 kg/s

7500 m

300 m/s

1500 W/K

1.5 m2

10 kW

0.5 kg/s

10,000 m

350 m/s

2000 W/K

2.0 m2

20 kW

1.0 kg/s

12,500 m

400 m/s

2500 W/K

2.5 m2

30 kW

1.5 kg/s

The objective in the simulations was to maintain the heat source temperature constant
through the entire duration of flight defined in Table 6.1.2. The other two primary
parameters, namely the heated fuel temperature and the heat removal rate at the high
temperature heat exchanger, were analyzed for different values of the secondary
parameters as listed in Table 6.1.1. The study was divided into specific cases and numbered
from 6.1.1 to 6.1.8.
6.1.1 Base case

The flight conditions for the base case scenario are summarized in Table 6.1.2. The heat
source temperature was maintained constant and the temperature variation at critical points
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of the FTMS were calculated and plotted as shown in Figure 6.1.1.1. The variation of heat
absorbed by the fuel and the heat rejected at the cooler to the ambient are depicted in Figure
6.1.1.2.

Table 6.1.2 FTMS parameters while maintaining a constant heat source temperature
Parameter

Values

Altitude of flight, H

10,000 m

Cruise speed of flight, V

250 m/s

Heater conductance, UHAH

1000 W/K

Cooler surface area, AC

1 m2

Tank heat loss, 𝑄̇ loss

0 kW

Recirculation mass flow rate, ṁ𝑅

0.5 kg/s

Mass flow rate of fuel to engine, ṁ𝐸

0.8 kg/s

Heat source temperature, Tsource

375 K

Initial tank fuel temperature, 𝑇𝑇 initial

288 K

Initial tank fuel mass, 𝑚 𝑇 initial

4500 kg

Duration of flight, t

4500 s

For this scenario, the fuel leaving the tank at temperature, 𝑇𝑇 , is heated to temperature, 𝑇𝐻 ,
as a result of contact with the heat dissipating components that are at a higher temperature,
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 , which was set to 375 K in this case. The fuel temperature drops to 𝑇𝐶 , after heat is
rejected to the ambient in the low temperature heat exchanger. For the considered operating
condition, the heat rejected at the low temperature heat exchanger is observed to be smaller
than the heat collected from the heat source, which makes 𝑇𝐶 greater than 𝑇𝑇 . As a result,
the fuel temperatures at the tank and at the exit of both heat exchangers increases over time.
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Figure 6.1.1.1 Fuel temperatures at critical points of the FTMS

Figure 6.1.1.2 Heat transfer rate from heat exchangers in the FTMS
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Figure 6.1.1.2 shows the heat transfer rates at the cooler, 𝑄̇𝐶 , and heater, 𝑄̇𝐻 . It is seen that
𝑄̇𝐶 is lesser than 𝑄̇𝐻 over the entire duration of flight. The heat rejected at the cooler
remains almost the same since the heat transfer coefficient depends on the cruise speed and
altitude of flight which, are constant throughout the duration of flight. However, the heat
absorbed by the fuel at the heater gradually decreases as time passes. This is due to the
increase in tank fuel temperature which causes a decrease in the temperature difference
between the fuel in the tank and the surface of the heat generating components. Over the
entire time of flight, the heat removal capacity decreased by 17 %.

6.1.2 Effect of flight altitude

The simulations were repeated for the five different altitude values mentioned in
Table 6.1.1 keeping all other flight parameters constant as mentioned in Table 6.1.2.
Variations of the primary parameters of heat removal rate and heated fuel temperature were
calculated and are plotted in Figures 6.1.2.1 and 6.1.2.2 respectively. At the different flight
altitude values, the different ambient air temperature, density and heat transfer properties
were calculated. Due to change in these values, the heat rejected through the lowtemperature heat exchanger varied with altitude. The time variation of 𝑄̇𝐻 and 𝑇𝐻 follow
similar trends as the ones discussed in Figures 6.1.1.1 and 6.1.1.2. As expected, the ambient
temperature decreased with altitude, the heat rejection capacity increased which resulted
in an improvement of the FTMS when the attitude was varied from 2500 m to 10,000 m.
This is illustrated by the increase in 𝑄̇𝐻 and reduction of 𝑇𝐻 in Figures 6.1.2.1 and 6.1.2.2
respectively.
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Figure 6.1.2.1 Heat removal rate for different flight altitudes

Figure 6.1.2.2 Heated fuel temperature for different flight altitudes
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More specifically, the heat removal capacity is 5% greater for a flight at 10,000 m
compared to a flight of 2500 m. The heated fuel temperature is also about 2 K lower in the
higher altitude flight towards the end of the mission. Both the FTMS performance
indicators however deteriorate when the flight altitude is changed to 12,500 m. This result
is consistent with a conclusion from Doman [25] where the study finds the lowest fuel
temperature at the upper boundary of the troposphere at about 11,000 m.

6.1.3 Effect of cruise speed

The uniform flight described in Section 6.1.1 was simulated again for cases of different
cruise speeds while keeping all other parameters constant as in Table 6.1.2. Different cruise
speeds result in different air flow regimes over the cooler.

Figure 6.1.3.1 Heat removal rate for different cruise speeds
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It is expected that since the coefficient of heat transfer at the low temperature heat
exchanger depends on the speed of air flowing over it, this will affect the heat transfer
between the heated fuel and the ambient air at the cooler. The variation of the heat removal
rate at the high temperature heat exchanger and heated fuel temperature are calculated and
plotted as in Figures 6.1.3.1 and 6.1.3.2 respectively. The qualitative trends follow the same
trends as those presented in Figures 6.1.1.1 and 6.1.1.2.

Figure 6.1.3.2 Heated fuel temperature for different cruise speeds

The heated fuel temperature and the heat removal rate variation curves show an increasing
sensitivity to the cruise speed over the flight range. At the end of the specified flight time,
the 250 m/s cruise speed resulted in the highest heat removal rate (Figure 6.1.3.1) and
smallest heated fuel temperature (Figure 6.1.3.2), while the 400 m/s resulted in the worst
thermal management performance. This explains the influence of aerodynamic heating at
the surface of the low temperature heat exchanger as depicted by Equation 4.10.
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6.1.4 Effect of high temperature heat exchanger conductance values

The uniform flight presented in Section 6.1.1 was simulated again for different values of
the high temperature heat exchanger conductance. The aim was to investigate the effects
of the size and design of this heat exchanger on the heat removal capacity and the heated
fuel temperatures. The variation over time of 𝑄̇𝐻 and 𝑇𝐻 are calculated and illustrated in
Figures 6.1.4.1 and 6.1.4.2.

Figure 6.1.4.1 Heat removal rate for different heater conductance values

Figure 6.1.4.1 shows that 𝑄̇𝐻 generally decreases over time although the decrease rate
seems to be greater for the largest values of conductance at 32% and the smallest for the
smallest values of conductance at 5%. This is expected as lower the heater conductance
values, the difference in temperature at the entry and exit of the heater is lower. The highest
conductance value case corresponds to the largest heat removal capacity, which is as
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expected. A large heat removal capacity is one of the desired outcomes of the thermal
management system. Figure 6.1.4.2 shows that the heated fuel temperature increases over
time for all the conductance values considered although this increase rate is greatest for the
greatest conductance case (3%) and smallest for the smallest conductance value scenario
(1.5%). The conductance value of 2500 W/K also resulted in fuel temperatures that are
about 40 K greater compared to the case of conductance of 500 W/K. In terms of overall
thermal management performance, improving the design of the high temperature heat
exchanger therefore produces a mixed outcome.

Figure 6.1.4.2 Heated fuel temperature for different heater conductance values

6.1.5 Effect of fuel tank heat losses

In all the previous cases, the fuel tank was considered to be thermally insulated. In this
section, the effects of heat transfer through the fuel tank walls is investigated. The tank
wall is assumed to be covered with insulation materials having different heat transfer
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properties that affect the tank losses heat to the ambient air. A negative value for tank heat
loss signifies heat being added to the fuel from the ambient and a heat loss/gain of 0 kW
indicates a perfectly insulated tank. Positive values indicate that heat is being lost to the
ambient from the tank. Heat loss from the storage tank increases the system’s heat rejection
and lowers the temperature of the fuel entering the high temperature heat exchanger.

Figure 6.1.5.1 Heat removal rate for different fuel tank heat loss rates

Figure 6.1.5.1 shows that the heat removal capacity deteriorates over time in the case where
the fuel tank gains heat through its envelope or loses small amounts of heat (𝑄̇𝑙𝑜𝑠𝑠 = 0 kW
and 𝑄̇𝑙𝑜𝑠𝑠 = 10 kW). However, when the fuel tank heat losses are significant, the heat
removal capacity by the FTMS increases during the flight (𝑄̇𝑙𝑜𝑠𝑠 = 20 kW and 𝑄̇𝑙𝑜𝑠𝑠 =
30 kW). Figure 6.1.5.2 shows that cooling the fuel tank could have a beneficial effect by
reducing the increase in the fuel temperature. It is worth noting that when 𝑄̇𝑙𝑜𝑠𝑠 = 20 kW,
the simulation predicts almost a constant heat removal capacity and constant heated fuel
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temperature throughout the flight duration, which can be of prime importance for the
aircraft operators. A detailed optimization study is required before making an informed
design decision.

Figure 6.1.5.2 Heated fuel temperature for different fuel tank heat loss rates

6.1.6 Effect of low temperature heat exchanger surface area

To investigate the effect of the size of the low temperature heat exchanger on the
performance of the thermal management system, simulations were performed with
different cooler surface areas. Since the thermal conductance of the cooler depends on the
speed and altitude of the flight, which are constant in this case, it is expected that increasing
the cooler surface area will result in a larger heat rejection capacity. This will in turn lead
to an increased heat removal capacity at the high temperature heat exchanger. The cooler
with higher surface area thus rejects more heat from the fuel in the system which helped
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lower the temperature of fuel sent from the cooler to the tank. Since the tank fuel acts as
input to the heater, the heated fuel temperature is lower for a cooler with a higher surface
area. The heat removal rate is also larger for a higher surface area heat sink since the
temperature difference between the tank and the heater is greater in this case.

Figure 6.1.6.1 Heat removal rate for different cooler surface areas

Figure 6.1.6.1 shows the variation of the heat removal capacity over time for heat sink
surface areas of 0.5 m2, 1.0 m2, 1.5 m2, 2.0 m2 and 2.5 m2. In all the cases the heat removal
capacity reduces over time, although it is significantly larger and decreases less for the
largest cooler surface area considered. Figure 6.1.6.2 shows the variation of the heated fuel
temperature over time for the same cooler surface areas as in Figure 6.1.6.1. The larger the
surface area of the heat exchanger, the lower the fuel temperature. Enlarging the heat
rejection area resulted in greater heat removal capacity and lower thermal stress on the fuel.
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Figure 6.1.6.2 Heated fuel temperature for different cooler surface areas

6.1.7 Effect of fuel recirculation rate

Varying the fuel recirculation rate also helps in controlling the temperature rise at critical
points in the system. The recirculation fuel flow rates of 0.01 kg/s, 0.1 kg/s, 0.5 kg/s,
1.0 kg/s and 1.5 kg/s were simulated in the program and its effects were studied (More
recirculation rate value results can be found for this scenario in Appendix J). Initially the
heated fuel temperature is highest for low recirculation rates since the mass of fuel available
to absorb the heat is low. However, the amount of heated fuel sent back to the tank is lower
and this keeps the temperature from rising at these recirculation rates. Conversely, when
the fuel recirculation rate is small (ṁR = 0.01 kg/s and ṁR = 0.1 kg/s), the heat removal
capacity slightly increases during the flight. In quantitative terms, 𝑄̇𝐻 , is initially about
18% greater for the ṁR = 1.5 kg/s case compared to the ṁR = 0.01 kg/s case. Towards the
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end of the simulated flight duration, it is the ṁR = 0.01 kg/s case that allows about 28 %
more heat removal capacity compared to the ṁR = 1.5 kg/s case. Figure 6.1.7.2 shows the
same qualitative trends for the heated fuel temperature. A high recirculation rate is
necessary to keep the heated fuel temperature low during the initial phases of the flight,
while the ṁR = 0.01 kg/s and ṁR = 0.1 kg/s maintain the heated fuel temperature at a
constant value.

Figure 6.1.7.1 Heat removal rate for different fuel recirculation rates

Initially, the heated fuel temperature is lowest for the highest recirculation rate, but as hot
fuel is fed back to the tank, eventually the temperature rises and at the end of flight, the
temperature is highest for higher recirculation rates. The increase in temperature that can
be seen over time can be attributed to the addition of heated fuel back to the tank. It can be
noted that for lower recirculation rates, the temperature stays higher for a longer period of
time as seen in Figure 6.1.7.2. The heat removal rate is lower initially for lower
51

recirculation rates and does not change significantly over time. In the case of higher
recirculation rates, due to availability of larger amounts of fuel, the heat removal rate is
higher initially. This is beneficial for missions of shorter duration. As time passes, the
difference in temperature between the fuel in the tank and the fuel in the heater decreases.
This causes the heat removal rate to decrease over time. It is thus concluded that a single
fuel recirculation rate is not ideal throughout the simulation. A requirement for dynamic
control mechanism to maintain an optimum recirculation rate is thus identified.

Figure 6.1.7.2 Heated fuel temperature for different fuel recirculation rates

6.1.8 Effect of different values of heat source temperature

In the following study, different temperatures of the heat generating components are
considered. The heat removal capacity and heated fuel temperature are calculated and
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plotted in Figures 6.1.8.1 and 6.1.8.2 respectively. The values selected are 325 K, 350 K,
375 K, 400 K and 425 K.

Figure 6.1.8.1 Heat removal rate for different heat source temperature values

Figure 6.1.8.2 Heated fuel temperature for different heat source temperature values
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The analysis assumed other parameters of flight to be fixed as mentioned in Table 6.1.2.
The higher the heat source temperature, the higher the temperature difference between the
tank fuel temperature and the heated fuel temperature. This results in an increase in the
heat removal rate by the fuel at the heater. An increase in heated fuel temperature of 50 K
can be observed for an increase in heat source temperature of 100 K.

6.2 Mode 1 FTMS: Maintain heat-source temperature in non-uniform flight condition

In this second part of the results section, a non-uniform flight profile was considered. This
meant that the flight consisted of varying altitude, cruise speed and fuel flow rate to the
engine. A six-phase flight profile was defined in Table 6.2.1. Ascent and descent rates
along with changes in fuel flow rate and velocity were assumed as per the requirements of
the flight profile.

The flight profile commenced at time, t = 0.5 seconds at an elevation 50 m above sea level.
From 0 - 500 seconds the aircraft was in taxi mode moving with a speed of 5 m/s and a fuel
burn rate of 0.1 kg/s. The aircraft then transitioned to the take-off phase from 500 - 1000
seconds, accelerating to a speed of 300 m/s and eventually attaining an altitude of 8000 m.
The mass flow rate of fuel to the engine was highest at this phase at 2 kg/s and other
property variations due to change in altitude between taxi and take-off were considered.
The successive flight phase of super-cruise (supersonic flight conditions) started from t =
1000 seconds and came to an end at t = 2000 seconds as the aircraft reached supersonic
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speed of 400 m/s and an altitude of 11,000 m. The mass flow rate of fuel to the engine
during this phase was 1.5 kg/s. Between t = 2000 seconds and t = 3000 seconds, the aircraft
enters combat phase with a reduced speed of 200 m/s and mass flow rate of fuel to the
engine of 0.8 kg/s. The combat phase was followed by a cruise phase during which the
altitude dropped to 8000 m and the speed was constant at 250 m/s. The final phase of the
flight was landing, during which the altitude returned to the initial 50 m. The fuel mass
flow rate to the engine, and speed were constant at ṁ𝐸 = 0.1 kg/s and V = 5 m/s respectively
for this flight phase.

Table 6.2.1 Non-uniform flight conditions

Time (s)

Altitude (m)

ṁE (kg/s)

Speed (m/s)

0 - 500

50

0.1

5

Take-off

500 - 1000

50-8000

2.0

300

Super-cruise

1000 - 2000

8000-11000

1.5

400

Combat

2000 - 3000

11000

0.8

200

Cruise

3000 - 4000

11000-8000

0.8

250

Landing

4000 - 4500

8000-50

0.1

5

Flight Phase

Taxi

Similar to Section 6.1 of uniform flight conditions, parametric study was performed for the
secondary parameters mentioned in Table 6.1.1 with the exception of flight altitude and
cruise speed. Keeping each of the three primary parameters constant in separate modes of
operation of the FTMS, the secondary parameters were varied. The variation of the other
two primary parameters were recorded and analyzed in each of the modes. The heater
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conductance values of 500 W/K, 1000 W/K, 1500 W/K, 2000 W/K and 2500 W/K were
simulated to bring in the varying conditions of heater design and sizes. In case of cooler
surface area, values of 0.5 m2, 1.0 m2, 1.5 m2, 2.0 m2 and 2.5 m2 were considered to
simulate the different sizes of cooler used in the FTMS system. The recirculation fuel mass
flow rates were then varied with values of 0.01 kg/s, 0.1 kg/s, 0.5 kg/s, 1.0 kg/s and
1.5 kg/s.

The objective in the simulations was to operate the FTMS system in Mode 1 by assigning
the desired value of the temperature at the surface of the heat generating components,

Tsource and calculate the time variation of the temperature at all other points of the thermal
management system. The heat removal capacity at the high temperature heat exchanger
and the heat rejected to the ambient at the low temperature heat exchanger was also
calculated.

6.2.1 Base case

In the base case scenario, the heat generating components were set to operate at a constant
heat source temperature, Tsource = 375 K during the entire flight. The values of the other
FTMS parameters are presented in Table 6.2.2 and include high and low temperature heat
exchanger specification and initial fuel temperature and mass. The variation over time of
the fuel temperature at the different points of the thermal management system is shown in
Figure 6.2.1.1. All temperatures increase gradually during the taxi phase due to the addition
of heat at the contact of the heat generating components and rejection of a lesser amount
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of heat to the ambient through the low temperature heat exchanger. The increase of the
altitude and speed improve the heat rejection capacity, which translates into a sudden
reduction of TH and TC during the take-off phase.

Table 6.2.2 FTMS parameters while maintaining a constant heat source temperature
Parameter

Values

Heater conductance, UHAH

1000 W/K

Cooler surface area, AC

1 m2

Tank heat loss, 𝑄̇ loss

0 kW

Recirculation fuel mass flow rate, ṁ𝑅

0.5 kg/s

Heat source temperature, Tsource

375 K

Initial tank fuel temperature, 𝑇𝑇 initial

288 K

Initial tank fuel mass, 𝑚 𝑇 initial

4500 kg

Duration of flight, t

4500 s

Figure 6.2.1.1 Fuel temperatures at critical points in FTMS
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Since only a small fraction of the fuel (0.5 kg/s) is recirculated through the low temperature
heat exchanger, the effect on the fuel tank exit temperature is small. Aerodynamic skin
heating mainly explains the sudden increase of TH and TC at the start of the super-cruise
phase. Entering the combat phase, the fraction of fuel recirculated through the cooler
increases and the speed of flight is reduced which causes the sudden increase experienced
by the heated and cooled fuel temperatures. A gradual increase of all fuel temperatures is
predicted through the cruise phase, which portrays a limited effect of the change in altitude
(11,000 m to 8000 m) and speed (200 m/s to 250 m/s). These observations are consistent
with observations made earlier in this thesis in Figure 6.1.2.2 and 6.1.3.2.

Figure 6.2.1.2 Heat transfer rate in FTMS

Figure 6.2.1.2 shows the time variation of the heat transfer rates at the high and low
temperature heat exchangers (𝑄̇𝐻 and 𝑄̇𝐶 respectively). The heat rejection capacity is
constant during the taxi phase and is higher during the take-off due to the increased
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convection and cooler air temperatures. The heat rejection capacity then decreases during
the super-cruise phase due to aerodynamic heating and stays approximately constant during
the combat and cruise phases before decreasing further during the landing phase due to the
reduction in convective heat transfer and increasing ambient air temperature.

As far as the heat removal capacity is concerned, it is predicted that 𝑄̇𝐻 would decrease
slightly during the initial taxi phase due to the increase of the temperature of the fuel
coming from the tank. The heat removal rate increases during take-off due to the increase
of the heat rejection capacity and the amount of fuel flowing towards the engine (ṁ𝐸 =
0.1 kg/s during taxi and ṁ𝐸 = 2 kg/s during the take-off). Generally, the heat removal rate
decreases when the variation of the heat rejection rate at the cooler is small, which is
consistent with earlier observation in this work as illustrated in Figures 6.1.1.2 and 6.1.4.1.

6.2.2 Effect of high temperature heat exchanger conductance values

The sensitivity of the FTMS to the conductance of the high temperature heat exchanger
while operating in Mode 1 was investigated in this section. For this purpose, the
simulations in Section 6.2.1 were repeated with conductance values of 500 W/K,
1000 W/K, 1500 W/K, 2000 W/K and 2500 W/K. The conductance value of a heater can
be improved either by using a heater of larger surface area or by improving the design of
the heater.
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Figure 6.2.2.1 Heat removal rate for different heater conductance values

The predicted variations follow similar trends as in Section 6.1.4 although the magnitudes
are increasingly greater when the conductance value is greater. With other parameters
remaining constant, the heat removal potential is greater when the thermal conductance of
the high temperature heat exchanger is increased. Over the simulated flight range, the heat
removal rate, 𝑄̇𝐻 varies by a factor of four for the conductance value of 2500 W/K, which
is an undesirable outcome for the thermal management system.

The case of conductance value of 500 W/K where the heat removal capacity variation is
smaller seems to be a more preferable scenario. The variation of the heated fuel temperature
over time is also qualitatively the same for the five values of the heater conductance values
considered, with higher heated fuel temperature values corresponding to higher
conductance values. The difference between the maximum heated fuel temperature
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(corresponding to the end of the landing phase) and the lowest heated fuel temperature
(corresponding to the take-off phase) is greatest when the conductance value is greatest
(∆TH max = 45 K for UHAH = 2000 W/K vs (∆TH max = 30 K for UHAH = 500 W/K). These
maximum temperature variations are acceptable.

Figure 6.2.2.2 Heated fuel temperature for different heater conductance values

6.2.3 Effect of low temperature heat exchanger surface area

The FTMS operated in Mode 1 by specifying a constant heat source temperature was
simulated for the flight profile defined in Table 6.2.1 with five different values of the low
temperature heat exchanger. The heat rejection capacity is affected in the same proportions
and Figure 6.2.3.1 shows that the heat removal capacity was virtually unaffected during
the initial taxi, take-off and super-cruise phases of the flight.
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Figure 6.2.3.1 Heat removal rate for different cooler surface areas

Figure 6.2.3.2 Heated fuel temperature for different cooler surface areas

However, during the later cruise and landing phases of the flight, the heat removal capacity
improves when the area of the low temperature heat exchanger is increased. The influence
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of the low temperature heat exchanger surface area on the maximum temperature of the
fuel in the thermal management system is illustrated in Figure 6.2.3.2. This effect is absent
or negligible during the taxi and take-off phases and becomes increasingly pronounced in
the later phases of the flight. In all cases, the smaller the heat exchanger size, the higher
the heated fuel temperature.

6.2.4 Effect of fuel recirculation rate

The analysis of the uniform flight in Section 6.1 showed that the mass flow rate of fuel
recirculated in the low temperature heat exchanger has a significant effect on the
performance of the aircraft thermal management system. In this section, the effect of the
recirculation fuel mass flow rate, ṁ𝑅 , on the variation of the temperature of the heated fuel
and the heat removal capacity of a non-uniform flight was investigated.

The FTMS operated in Mode 1 and that meant the temperature of the heat generating
components was specified at a constant value by the user (Tsource = 375 K). The
recirculation fuel flow rate value of 0.01 kg/s, 0.1 kg/s, 0.5 kg/s, 1.0 kg/s and 1.5 kg/s were
simulated. Figure 6.2.4.1 shows that the two lowest recirculation fuel flow rate values
produce the lowest heat removal rates during the initial taxi and final landing phases and
the greatest heat removal capacity during the intermediate take-off, super-cruise, combat
and cruise phases of the flight.
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Figure 6.2.4.1 Heat removal rate for different fuel recirculation rates

Figure 6.2.4.2 Heated fuel temperature for different fuel recirculation rates
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The other three recirculation mass flow rate values give the heat removal rate values that
are considerably higher during the taxi phase and of comparable magnitude during the
subsequent three flight phases. The inappropriateness of a large recirculation rate is most
visible during the cruise phase (t = 2000 s to t = 3000 s). In fact, at the end of the cruise
phase, the heat removal rate is about 30 % greater when ṁ𝑅 = 0.01 kg/s or ṁ𝑅 = 0.1 kg/s
compared with the case where ṁ𝑅 = 1.5 kg/s.

At the start of the flight, similar to Figure 6.2.4.1, Figure 6.2.4.2 also shows the benefits of
operating the FTMS with a large fuel recirculation rate. The heated fuel temperature is in
fact about 60 K lower when the recirculation fuel mass flow rate is 1.5 kg/s compared to
the case where the recirculation fuel mass flow rate is 0.01 kg/s. The effect of the
recirculation fuel mass flow rate reduces in magnitude during the take-off and super cruise
phases. At the end of the subsonic cruise phase, the heated fuel temperature, TH, is about
5 K greater for the highest recirculation fuel flow rate value compared to the lowest
recirculation fuel flow rate value. This difference is insignificant in terms of practical flight
operation. These simulations also point to a requirement of a dynamic control mechanism
for recirculation fuel rate.

6.2.5 Effect of different values of heat source temperature

The parametrical studies in Sections 6.2.1 through 6.2.4 were all carried out with the same
user specified heat source temperature, Tsource = 375 K. In this section, the effect of the
heat source temperature on the performance of the FTMS was discussed by performing the
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simulations at different Tsource values: 325 K, 350 K, 375 K, 400 K and 425 K. Figure
6.2.5.1 shows that the qualitative behavior is the same in all cases but raising the
temperature at which the heat dissipating components are maintained corresponds to an
increase of the heat removal capacity. Moreover, the vertical shift between the different
curves in Figure 6.2.5.1 serves to be constant after each increment of the Tsource value but
varies over the course of the flight. For example, the difference in the heat removal capacity
between the Tsource = 325 K and Tsource = 425 K cases is ∆𝑄̇𝐻 = 90 kW at t = 1000 s (end
of take-off phase), while ∆𝑄̇𝐻 = 40 kW at t = 4500 s (end of landing phase).

Figure 6.2.5.1 Heat removal rate for different heat source temperatures

Figure 6.2.5.2 shows that the heated fuel temperature is lowest when the heat generating
component temperature is the smallest which is as expected. The sensitivity to Tsource,
however is not constant over the course of the flight, it is significantly less pronounced at
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the end of take-off phase (about 20 K maximum difference between the different cases)
than at the end of the landing phase (about 70 K maximum difference between the different
cases). Operating the aircraft with a higher heat source temperature, Tsource, is therefore
advisable during the take-off and super-cruise phases of the flight (higher 𝑄̇𝐻 , small effect
on TH), but not during the landing phases (reduced effect on 𝑄̇𝐻 , significantly higher TH
values).

Figure 6.2.5.2 Heated fuel temperature for different heat source temperatures
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Chapter 7
Discussion of results
In this section, a summary of the simulation results presented in Chapter 6 and their analysis
is discussed. In the Mode 1 of FTMS operation, the surface temperature of the heat
generating components was specified as a constant value. The program calculated the time
variation of the other two primary parameters during the flight, namely heat removal
capacity and heated fuel temperature. In this FTMS mode, simulations were first run for a
base case scenario, then parametric studies were performed, investigating the sensitivity of
the predicted FTMS performance to secondary parameters including the flight altitude,
cruise speed, engine fuel burn rate, thermal conductance and surface area of heat
exchangers. All these analyses were conducted for uniform and non-uniform flight profiles.

For uniform flight conditions, operating the FTMS in Mode 1, it was observed that in most
cases, the fuel temperature increased, and the heat removal capacity decreased during the
flight. A significant sensitivity to the heat rejection rate (increase of cooler surface area,
convection coefficient etc.) was apparent. The simulations run for different flight altitudes
resulted in a decrease of ambient temperature with increase of flight altitude. The flight
altitude of 10,000 m was found to be the best-case scenario with a 5% increase in heat
removal capacity compared to the other cases. Increase in altitude above this range resulted
in deterioration of the FTMS performance. This result is consistent with the literature [25]
which concluded that the ambient air temperature increased above the upper boundary of
the troposphere, above 11,000 m. The secondary parameter of cruise speed was then varied
to understand the effect of changes in heat transfer coefficient at the low-temperature heat
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exchanger due to the speed of air flowing over the wing. The subsonic cruise speed of
250 m/s resulted in the best performance, with low heated fuel temperature and high heat
removal rates. Increased speeds at 400 m/s resulted in poor FTMS performance due to the
influence of aerodynamic heating at the surface of the low-temperature heat exchanger.
These trends can be predicted from Equation 4.10.

The different size and design of the heat exchangers in the FTMS operating at uniform
flight condition were also investigated. The effect of different size and design of the hightemperature heat exchanger was simulated by changing the heat exchanger conductance
values. The outcome of these simulations was mixed, due to the increase in heat removal
capacity for higher conductance values, resulting in increased heated fuel temperatures
(difference of about 40 K between cases of 500 W/K and 2500 W/K). In addition, for higher
conductance values, the rate of heat removal capacity decreased over the flight duration
and the heated fuel temperature increased. The simulations were then run with different
cooler surface area to represent the different low-temperature heat exchanger sizes. For
uniform flight conditions (i.e., constant flight altitude and cruise speed), increasing the
cooler surface area resulted in an increase in heat rejection capacity at the cooler. This in
turn decreased the temperature of the cooled fuel being sent back to the tank, thus
increasing the heat removal capacity at the high-temperature heat exchanger. The larger
heat exchanger sizes resulted in a decrease of thermal stress on the fuel and increase in heat
removal capacity.
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The simulation of effect of heat loss or gain through the fuel tank envelope saw
deterioration of heat removal capacity for cases of 0 kW and 10 kW. Significant heat loss
rates of 20 kW and 30 kW saw a significant increase in heat rejection capacity at the fuel
tank which aided the cooling of the fuel in the tank. This further increased the heat removal
capacity at the high-temperature heat exchanger. The case of different recirculation rates
was then simulated. Initially the heat removal rate was lowest and the heated fuel
temperature was highest for lower recirculation rates, with minimal changes occurring over
the duration of flight. At higher recirculation rates, the amount of heated fuel being sent
back to the tank increased the tank fuel temperature which then increased the heated fuel
temperature and decreased the heat removal rate. The heat removal rate decreased, and the
heated fuel temperature increased over time, for higher recirculation rates. This made them
more suitable for shorter duration of flights. Referring to Figure 6.1.7.1, at low
recirculation rates, the temperature and heat removal capacity stayed constant over longer
periods of time. This suggests low recirculation rates may be better for longer duration of
flights. The best-case scenario would be to implement a control strategy to manage the
recirculation fuel flow rate for maintaining the fuel temperature and heat removal capacity
within a certain range. Finally, the increase in heat source temperature resulted in an
increase in heat removal rate.

The FTMS model created in this project was also applied to a non-uniform flight with flight
profile consisting of taxi, take-off, supersonic and subsonic cruise speeds and landing
phases. The combination of variable altitude, speed and engine fuel burn rate allowed the
program to mimic real-world flight conditions. The FTMS was again operated in Mode 1
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and the fuel temperature was observed to drop significantly at take-off and then increase at
the subsequent flight phases. Conversely, the heat removal capacity spiked at take-off
before gradually decreasing afterwards. Investigating the different size and design of heat
exchangers in the non-uniform flight conditions produced similar trends in the results for
the uniform flight conditions. A high thermal conductance at the high-temperature heat
exchanger improved both FTMS performance metrics of heat removal capacity and heated
fuel temperature. The heat removal rate increased by a factor of four when the conductance
value increased from 500 W/K to 2500 W/K. The lower conductance value resulted in
lower variation in the heat removal capacity through the different phases of flight. The
simulations with different low-temperature heat exchanger surface area did not show much
temperature difference during the taxi and initial take-off phase. Similar to the uniform
flight conditions, the smaller heat exchanger sizes were observed to have higher heated
fuel temperatures.

The effect of fuel recirculation rate was found to be significant for the non-uniform flight
conditions with the lowest recirculation rates producing the lowest heat removal rates
during the taxi and landing phases. This was due to lower fuel mass flow rates through the
heat exchanger. The effect of fuel recirculation rate reduced during the take-off and supercruise phases due to the increase in overall fuel flow rate through the heater. During the
cruise phase, the larger recirculation rate increased the heat removal rate. The heated fuel
temperature was approximately 60 K lower at higher recirculation rates. To tackle the issue
of high heat source temperature, higher fuel flow rates can be used. Thus, analyzing the
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simulations with varied fuel recirculation rates, it is evident that a dynamic control strategy
is required to manage the fuel recirculation rate.

Figure 7.1 Thermal endurance of an aircraft

Depending on the maximum working temperature of the fuel, the term thermal endurance
of flight can be defined. As shown in Figure 7.1, for a maximum fuel temperature of 317 K,
the fuel recirculation rates of 0.01 kg/s and 0.1 kg/s are not feasible. Fuel recirculation rate
also affects the duration of flight as illustrated in Figure 7.1 above. For example, if a fuel
recirculation rate of 0.5 kg/s is used, a flight time of 2000 seconds can be achieved.
Increasing the fuel recirculation rate to 1.0 kg/s increases the flight time to 2900 seconds.
Thus, by varying the recirculation fuel flow rate, the thermal endurance of an aircraft can
be increased. Using this model, safe mission planning can be done by varying the fuel
recirculation rates to achieve the required thermal endurance.
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In the case of simulations with different heat source temperature values, an increase in
heated fuel temperature and heat source temperature were observed. The sensitivity to the
heat source temperature is significantly reduced for the take-off phase due to the dominance
in the mass flow rate to the engine. This drives down the temperature by increasing the
heat removal rate. At the end of landing phase, the heat removal rate decreases due to the
reduced cooling capacity of the low-temperature heat exchanger, and the lower fuel flow
rate. Under these conditions, the heated fuel temperature rises rapidly which may be
detrimental to the landing phase.

For both the uniform and non-uniform flight profiles and for all three FTMS operation
modes (refer Appendices E-I for Mode 2 and 3 results), the most significant parameter was
the amount of fuel to be recirculated through the low temperature heat exchanger. In fact,
varying the amount of recirculated fuel was observed to have a positive impact on the
FTMS performance earlier into the flight and a negative impact later. This suggests a
requirement of a dynamic control of the fuel recirculation rate for optimum thermal
management throughout the flight. This however was out of scope of the current research
and could be investigated for future work.
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Chapter 8
Conclusions and recommendations
This study achieved the objective of modelling an aircraft thermal management system
based on the fuel carried onboard for propulsion. The FTMS model was implemented in
the MATLAB/Simulink software and was used to investigate the impact of various
parameters on the thermal management of an aircraft for both uniform and non-uniform
flight profiles. Out of the various secondary parameters selected, the flight altitude and
cruise speed had the least impact on the thermal management. As expected, the heater
conductance and cooler surface area parameters resulted in significant variations to the fuel
temperature and heat removal rate. The recirculation fuel flow rate was identified to be the
most important parameter for investigation. A single recirculation rate was not optimal for
both the uniform and non-uniform flight conditions.

For future work, the model could be improved to allow a multi-tank FTMS without much
difficulty. Incorporating other modes of heat transfer could be another useful feature.
However, one of the most valuable direction for the future work identified in this thesis is
the implementation of a dynamic control strategy for the control of the fuel recirculation
rate through the low temperature heat exchanger. Finally, improved models for the fuel
tank heat loss/gain and high-temperature and low-temperature heat exchangers could be
implemented.
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Appendix A
Property variations of air and jet fuel
A.1 Temperature variation of ambient air with altitude

The model accounted for the variation of ambient air temperature with the altitude of flight,

H. The following equations extracted from [34] are coded into the numerical program.

For H < 11000 m, in the troposphere:
𝑇𝑒𝑥𝑡 = (15.04 − (0.00649𝐻)) + 273.15

(A.1)

For 11000 m < H < 25000 m, while the aircraft is in the lower stratosphere:
𝑇𝑒𝑥𝑡 = −56.46 + 273.15

(A.2)

For H > 25000 m, in the upper stratosphere,
𝑇𝑒𝑥𝑡 = (−131.21 + (0.00299𝐻)) + 273.15

(A.3)

A.2 Ambient air density variation with altitude

The FTMS model also considered a variation of the density with altitude and calculated
by using the barometric correlation in equations A.4 and A.5 [34].

When temperature lapse, Lb ≠ 0,
𝑔0 𝑀

(1+ ∗ )
𝑅 𝐿𝑏
𝑇𝑏
𝜌 = 𝜌𝑏 [
]
𝑇𝑏 + 𝐿𝑏 (ℎ − ℎ𝑏 )
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(A.4)

When temperature lapse, Lb = 0,
𝜌 = 𝜌𝑏 𝑒𝑥𝑝 [

−𝑔0 𝑀(ℎ − ℎ𝑏 )
]
𝑅 ∗ 𝑇𝑏

(A.5)

Where,

⍴ = mass density (kg/m3)
Tb = standard temperature (K)
Lb = standard temperature lapse rate (K/m) in ISA
h = height above sea level (m)
hb = height at bottom of layer b (meters; e.g., h1 = 11 000 m)
R* = universal gas constant: 8.3144598 J/(mol·K)
g0 = gravitational acceleration: 9.80665 m/s2
M = molar mass of Earth's air: 0.0289644 kg/mol

A.3 Variation of the thermal conductivity of air with temperature

The variation of thermal conductivity, k of the air with temperature was incorporated in
the model using the values in Table A.1 [35]. In the range of temperatures from 198 K to
353 K the variation of the thermal conductivity of air was about 40%. This is deemed to
have a significant effect on the heat transfer rate at the surface of the wing.
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Table A.1 Variation of thermal conductivity of air with temperature

Ambient temperature, Text

Thermal conductivity, k

(0C)

(mW/m. K)

-75

18.34

-50

20.41

-25

22.41

-15

23.20

-10

23.59

-5

23.97

0

24.36

5

24.74

10

25.12

15

25.50

20

25.87

25

26.24

30

26.62

40

27.35

50

28.08

60

28.80

80

30.23
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A.4 Enthalpy and specific heat variation for air and jet fuel

In the model created in this thesis, the enthalpy and specific heat at constant pressure for
the fuel and ambient air are calculated as fourth order polynomial functions of temperature.

𝐶𝑝0 (𝑇)
= 𝑎1 𝑇 −2 + 𝑎2 𝑇 −1 + 𝑎3 + 𝑎4 𝑇 + 𝑎5 𝑇 2 + 𝑎6 𝑇 3 + 𝑎7 𝑇 4
𝑅

(A.6)

𝐻 0 (𝑇)
𝑎2 𝑙𝑛𝑇
𝑎4 𝑇 𝑎5 𝑇 2 𝑎6 𝑇 3 𝑎7 𝑇 4 𝑏1
= −𝑎1 𝑇 −2 +
+ 𝑎3 +
+
+
+
+
𝑅𝑇
𝑇
2
3
4
5
𝑇

(A.7)

Where, 𝐶𝑝0 is the specific heat at constant pressure, 𝐻 0 is the enthalpy and T is the
temperature of the fuel or air at the particular instant. R refers to the universal gas constant.
The coefficients 𝑎1 – 𝑎7 and 𝑏1 for air and jet fuel were obtained from reference [32].

A.5 Variation of viscosity of air with temperature

The kinematic viscosity of air varied for different scenarios of flight duration due to change
in ambient air temperature at different altitudes of flight. To account for the variation of
kinematic viscosity of ambient air with temperature, the values mentioned in Table A.2
were referred to. A variation in viscosity values of about 38 % was observed between the
temperature range selected.
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Table A.2 Variation of viscosity of air with temperature

Ambient
temperature, Text
(0C)

Kinematic Viscosity,ν

-50

14.56

-25

15.88

-15

16.40

-10

16.65

-5

16.90

0

17.15

5

17.40

10

17.64

15

17.89

20

18.13

25

18.37

30

18.60

40

19.07

50

19.53

60

19.99

(N.s/m2*10-6)
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Appendix B
MATLAB/Simulink code
/*
* Academic License - for use in teaching, academic research, and meeting
* course requirements at degree granting institutions only. Not for
* government, commercial, or other organizational use.
*
* File: FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase.c
*
* Code generated for Simulink model 'FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase'.
*
* Model version
: 1.316
* Simulink Coder version
: 9.2 (R2019b) 18-Jul-2019
* C/C++ source code generated on : Sat Jun 27 11:57:37 2020
*
* Target selection: ert.tlc
* Embedded hardware selection: Intel->x86-64 (Windows64)
* Code generation objectives: Unspecified
* Validation result: Not run
*/
#include "FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase.h"
#include "FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase_private.h"
/* Block signals (default storage) */
B_FTMS_Internalenergy_model_2_T FTMS_Internalenergy_model_22f_B;
/* Continuous states */
X_FTMS_Internalenergy_model_2_T FTMS_Internalenergy_model_22f_X;
/* Block states (default storage) */
DW_FTMS_Internalenergy_model__T FTMS_Internalenergy_model_22_DW;
/* Real-time model */
RT_MODEL_FTMS_Internalenergy__T FTMS_Internalenergy_model_22_M_;
RT_MODEL_FTMS_Internalenergy__T *const FTMS_Internalenergy_model_22_M =
&FTMS_Internalenergy_model_22_M_;
/*
* This function updates continuous states using the ODE3 fixed-step
* solver algorithm
*/
static void rt_ertODEUpdateContinuousStates(RTWSolverInfo *si )
{
/* Solver Matrices */
static const real_T rt_ODE3_A[3] = {
1.0/2.0, 3.0/4.0, 1.0
};
static const real_T rt_ODE3_B[3][3] = {
{ 1.0/2.0, 0.0, 0.0 },
{ 0.0, 3.0/4.0, 0.0 },
{ 2.0/9.0, 1.0/3.0, 4.0/9.0 }
};
time_T t = rtsiGetT(si);
time_T tnew = rtsiGetSolverStopTime(si);
time_T h = rtsiGetStepSize(si);
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real_T *x = rtsiGetContStates(si);
ODE3_IntgData *id = (ODE3_IntgData *)rtsiGetSolverData(si);
real_T *y = id->y;
real_T *f0 = id->f[0];
real_T *f1 = id->f[1];
real_T *f2 = id->f[2];
real_T hB[3];
int_T i;
int_T nXc = 2;
rtsiSetSimTimeStep(si,MINOR_TIME_STEP);
/* Save the state values at time t in y, we'll use x as ynew. */
(void) memcpy(y, x,
(uint_T)nXc*sizeof(real_T));
/* Assumes that rtsiSetT and ModelOutputs are up-to-date */
/* f0 = f(t,y) */
rtsiSetdX(si, f0);
FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase_derivatives();
/* f(:,2) = feval(odefile, t + hA(1), y + f*hB(:,1), args(:)(*)); */
hB[0] = h * rt_ODE3_B[0][0];
for (i = 0; i < nXc; i++) {
x[i] = y[i] + (f0[i]*hB[0]);
}
rtsiSetT(si, t + h*rt_ODE3_A[0]);
rtsiSetdX(si, f1);
FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase_step();
FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase_derivatives();
/* f(:,3) = feval(odefile, t + hA(2), y + f*hB(:,2), args(:)(*)); */
for (i = 0; i <= 1; i++) {
hB[i] = h * rt_ODE3_B[1][i];
}
for (i = 0; i < nXc; i++) {
x[i] = y[i] + (f0[i]*hB[0] + f1[i]*hB[1]);
}
rtsiSetT(si, t + h*rt_ODE3_A[1]);
rtsiSetdX(si, f2);
FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase_step();
FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase_derivatives();
/* tnew = t
ynew = y
for (i = 0;
hB[i] = h
}

+
+
i
*

hA(3);
f*hB(:,3); */
<= 2; i++) {
rt_ODE3_B[2][i];

for (i = 0; i < nXc; i++) {
x[i] = y[i] + (f0[i]*hB[0] + f1[i]*hB[1] + f2[i]*hB[2]);
}
rtsiSetT(si, tnew);
rtsiSetSimTimeStep(si,MAJOR_TIME_STEP);
}
real_T rt_powd_snf(real_T u0, real_T u1)
{
real_T y;
real_T tmp;
real_T tmp_0;
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if (rtIsNaN(u0) || rtIsNaN(u1)) {
y = (rtNaN);
} else {
tmp = fabs(u0);
tmp_0 = fabs(u1);
if (rtIsInf(u1)) {
if (tmp == 1.0) {
y = 1.0;
} else if (tmp > 1.0) {
if (u1 > 0.0) {
y = (rtInf);
} else {
y = 0.0;
}
} else if (u1 > 0.0) {
y = 0.0;
} else {
y = (rtInf);
}
} else if (tmp_0 == 0.0) {
y = 1.0;
} else if (tmp_0 == 1.0) {
if (u1 > 0.0) {
y = u0;
} else {
y = 1.0 / u0;
}
} else if (u1 == 2.0) {
y = u0 * u0;
} else if ((u1 == 0.5) && (u0 >= 0.0)) {
y = sqrt(u0);
} else if ((u0 < 0.0) && (u1 > floor(u1))) {
y = (rtNaN);
} else {
y = pow(u0, u1);
}
}
return y;
}
/* Model step function */
void FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase_step(void)
{
real_T rtb_Clock;
int32_T rtb_Tload;
real_T rtb_TT;
real_T rtb_Text;
real_T rtb_mu_viscosity_air;
real_T rtb_K_cond_air;
real_T rtb_Pr;
real_T rtb_M_mach;
real_T rtb_rho_density_air;
real_T rtb_Cp_TH;
real_T rtb_TC;
if (rtmIsMajorTimeStep(FTMS_Internalenergy_model_22_M)) {
/* set solver stop time */
rtsiSetSolverStopTime(&FTMS_Internalenergy_model_22_M->solverInfo,
((FTMS_Internalenergy_model_22_M->Timing.clockTick0+1)*
FTMS_Internalenergy_model_22_M->Timing.stepSize0));
}
/* end MajorTimeStep */
/* Update absolute time of base rate at minor time step */
if (rtmIsMinorTimeStep(FTMS_Internalenergy_model_22_M)) {
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FTMS_Internalenergy_model_22_M->Timing.t[0] = rtsiGetT
(&FTMS_Internalenergy_model_22_M->solverInfo);
}
if (rtmIsMajorTimeStep(FTMS_Internalenergy_model_22_M)) {
/* Delay: '<Root>/Delay2' */
FTMS_Internalenergy_model_22f_B.Delay2 =
FTMS_Internalenergy_model_22_DW.Delay2_DSTATE;
/* Delay: '<Root>/Delay1' */
FTMS_Internalenergy_model_22f_B.Delay1 =
FTMS_Internalenergy_model_22_DW.Delay1_DSTATE;
/* Delay: '<Root>/Delay' */
FTMS_Internalenergy_model_22f_B.Delay =
FTMS_Internalenergy_model_22_DW.Delay_DSTATE;
}
/* Clock: '<Root>/Clock' */
rtb_Clock = FTMS_Internalenergy_model_22_M->Timing.t[0];
/* MATLAB Function: '<Root>/Altitude & Velocity with time, h & v_velocity' */
FTMS_Internalenergy_model_22f_B.h = 0.0;
FTMS_Internalenergy_model_22f_B.v_velocity = 0.0;
rtb_Tload = 0;
FTMS_Internalenergy_model_22f_B.mE = 0.0;
if (rtb_Clock == 0.0) {
FTMS_Internalenergy_model_22f_B.h = 50.0;
FTMS_Internalenergy_model_22f_B.v_velocity = 0.0;
rtb_Tload = 375;
FTMS_Internalenergy_model_22f_B.mE = 0.1;
} else if ((rtb_Clock > 0.0) && (rtb_Clock <= 500.0)) {
FTMS_Internalenergy_model_22f_B.h = 50.0;
rtb_Tload = 375;
FTMS_Internalenergy_model_22f_B.mE = 0.1;
if (FTMS_Internalenergy_model_22f_B.Delay < 5.0) {
FTMS_Internalenergy_model_22f_B.v_velocity =
FTMS_Internalenergy_model_22f_B.Delay + 0.1;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay >= 5.0) {
FTMS_Internalenergy_model_22f_B.v_velocity = 5.0;
}
}
} else if ((rtb_Clock > 500.0) && (rtb_Clock <= 1000.0)) {
rtb_Tload = 375;
if (FTMS_Internalenergy_model_22f_B.Delay1 < 8000.0) {
FTMS_Internalenergy_model_22f_B.h = FTMS_Internalenergy_model_22f_B.Delay1
+ 24.5;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay1 >= 8000.0) {
FTMS_Internalenergy_model_22f_B.h = 8000.0;
}
}
if (FTMS_Internalenergy_model_22f_B.Delay < 300.0) {
FTMS_Internalenergy_model_22f_B.v_velocity =
FTMS_Internalenergy_model_22f_B.Delay + 0.1;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay >= 300.0) {
FTMS_Internalenergy_model_22f_B.v_velocity = 300.0;
}
}
if (FTMS_Internalenergy_model_22f_B.Delay2 < 2.0) {
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FTMS_Internalenergy_model_22f_B.mE =
FTMS_Internalenergy_model_22f_B.Delay2 + 0.001;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay2 >= 2.0) {
FTMS_Internalenergy_model_22f_B.mE = 2.0;
}
}
} else if ((rtb_Clock > 1000.0) && (rtb_Clock <= 2000.0)) {
rtb_Tload = 375;
if (FTMS_Internalenergy_model_22f_B.Delay1 < 11000.0) {
FTMS_Internalenergy_model_22f_B.h = FTMS_Internalenergy_model_22f_B.Delay1
+ 24.5;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay1 >= 11000.0) {
FTMS_Internalenergy_model_22f_B.h = 11000.0;
}
}
if (FTMS_Internalenergy_model_22f_B.Delay < 400.0) {
FTMS_Internalenergy_model_22f_B.v_velocity =
FTMS_Internalenergy_model_22f_B.Delay + 0.1;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay >= 400.0) {
FTMS_Internalenergy_model_22f_B.v_velocity = 400.0;
}
}
if (FTMS_Internalenergy_model_22f_B.Delay2 > 1.5) {
FTMS_Internalenergy_model_22f_B.mE =
FTMS_Internalenergy_model_22f_B.Delay2 - 0.001;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay2 <= 1.5) {
FTMS_Internalenergy_model_22f_B.mE = 1.5;
}
}
} else if ((rtb_Clock > 2000.0) && (rtb_Clock <= 3000.0)) {
FTMS_Internalenergy_model_22f_B.h = 11000.0;
rtb_Tload = 375;
if (FTMS_Internalenergy_model_22f_B.Delay > 200.0) {
FTMS_Internalenergy_model_22f_B.v_velocity =
FTMS_Internalenergy_model_22f_B.Delay - 0.1;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay <= 200.0) {
FTMS_Internalenergy_model_22f_B.v_velocity = 200.0;
}
}
if (FTMS_Internalenergy_model_22f_B.Delay2 > 0.8) {
FTMS_Internalenergy_model_22f_B.mE =
FTMS_Internalenergy_model_22f_B.Delay2 - 0.001;
} else {
FTMS_Internalenergy_model_22f_B.mE = 0.8;
}
} else if ((rtb_Clock > 3000.0) && (rtb_Clock <= 4000.0)) {
rtb_Tload = 375;
FTMS_Internalenergy_model_22f_B.mE = 0.8;
if (FTMS_Internalenergy_model_22f_B.Delay1 > 8000.0) {
FTMS_Internalenergy_model_22f_B.h = FTMS_Internalenergy_model_22f_B.Delay1
- 24.5;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay1 <= 8000.0) {
FTMS_Internalenergy_model_22f_B.h = 8000.0;
}
}
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if (FTMS_Internalenergy_model_22f_B.Delay < 250.0) {
FTMS_Internalenergy_model_22f_B.v_velocity =
FTMS_Internalenergy_model_22f_B.Delay + 0.1;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay >= 250.0) {
FTMS_Internalenergy_model_22f_B.v_velocity = 250.0;
}
}
} else {
if ((rtb_Clock > 4000.0) && (rtb_Clock <= 4500.0)) {
rtb_Tload = 375;
if (FTMS_Internalenergy_model_22f_B.Delay1 > 50.0) {
FTMS_Internalenergy_model_22f_B.h =
FTMS_Internalenergy_model_22f_B.Delay1 - 24.5;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay1 <= 50.0) {
FTMS_Internalenergy_model_22f_B.h = 50.0;
}
}
if (FTMS_Internalenergy_model_22f_B.Delay > 5.0) {
FTMS_Internalenergy_model_22f_B.v_velocity =
FTMS_Internalenergy_model_22f_B.Delay - 0.1;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay <= 5.0) {
FTMS_Internalenergy_model_22f_B.v_velocity = 5.0;
}
}
if (FTMS_Internalenergy_model_22f_B.Delay2 > 0.1) {
FTMS_Internalenergy_model_22f_B.mE =
FTMS_Internalenergy_model_22f_B.Delay2 - 0.001;
} else {
if (FTMS_Internalenergy_model_22f_B.Delay2 <= 0.1) {
FTMS_Internalenergy_model_22f_B.mE = 0.1;
}
}
}
}
/* Integrator: '<Root>/Enthalpy of Tank, hT' incorporates:
* MATLAB Function: '<Root>/Altitude & Velocity with time, h & v_velocity'
* MATLAB Function: '<Root>/Initial Temperature & Enthalpy'
*/
if (FTMS_Internalenergy_model_22_DW.EnthalpyofTankhT_IWORK != 0) {
FTMS_Internalenergy_model_22f_X.EnthalpyofTankhT_CSTATE =
-1.8342862731500266E+6;
}
/* MATLAB Function: '<Root>/Tank Temperature, TT' incorporates:
* Integrator: '<Root>/Enthalpy of Tank, hT'
*/
rtb_TT = ((((((sin(3.2E-6 *
FTMS_Internalenergy_model_22f_X.EnthalpyofTankhT_CSTATE +
-0.05072) * 675.8 + sin(6.242E-6 *
FTMS_Internalenergy_model_22f_X.EnthalpyofTankhT_CSTATE + -4.624) * 281.9) +
sin(1.244E-5 *
FTMS_Internalenergy_model_22f_X.EnthalpyofTankhT_CSTATE +
-4.306) * 64.64) + sin(1.802E-5 *
FTMS_Internalenergy_model_22f_X.EnthalpyofTankhT_CSTATE + -5.001) * 48.91) +
sin(2.104E-5 *
FTMS_Internalenergy_model_22f_X.EnthalpyofTankhT_CSTATE +
-15.99) * 34.83) + sin(2.52E-5 *
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FTMS_Internalenergy_model_22f_X.EnthalpyofTankhT_CSTATE + -18.92) *
14.06) + sin(5.768E-5 *
FTMS_Internalenergy_model_22f_X.EnthalpyofTankhT_CSTATE + 6.557) *
-0.00417) + sin(2.699E-5 *
FTMS_Internalenergy_model_22f_X.EnthalpyofTankhT_CSTATE + -31.83) * 5.315;
/* Sum: '<Root>/mR-m1' incorporates:
* Constant: '<Root>/mR'
* Sum: '<Root>/m1'
*/
FTMS_Internalenergy_model_22f_B.dmTdt = 0.5 (FTMS_Internalenergy_model_22f_B.mE + 0.5);
/* MATLAB Function: '<Root>/Exterior Temperature, Text' */
rtb_Text = 0.0;
if (FTMS_Internalenergy_model_22f_B.h >= 25000.0) {
rtb_Text = (0.00299 * FTMS_Internalenergy_model_22f_B.h + -131.21) + 273.15;
} else if ((FTMS_Internalenergy_model_22f_B.h >= 11000.0) &&
(FTMS_Internalenergy_model_22f_B.h < 25000.0)) {
rtb_Text = 216.68999999999997;
} else {
if (FTMS_Internalenergy_model_22f_B.h < 11000.0) {
rtb_Text = (15.04 - 0.00649 * FTMS_Internalenergy_model_22f_B.h) + 273.15;
}
}
/* End of MATLAB Function: '<Root>/Exterior Temperature, Text' */
/* MATLAB Function: '<Root>/Dynamic Viscosity of air with Temperature, mu_viscosity_air'
*/
rtb_mu_viscosity_air = 0.0;
if ((rtb_Text >= 200.0) && (rtb_Text < 225.0)) {
rtb_mu_viscosity_air = 1.329E-5;
} else if ((rtb_Text >= 225.0) && (rtb_Text < 250.0)) {
rtb_mu_viscosity_air = 1.467E-5;
} else if ((rtb_Text >= 250.0) && (rtb_Text < 275.0)) {
rtb_mu_viscosity_air = 1.599E-5;
} else if ((rtb_Text >= 275.0) && (rtb_Text < 300.0)) {
rtb_mu_viscosity_air = 1.725E-5;
} else if ((rtb_Text >= 300.0) && (rtb_Text < 325.0)) {
rtb_mu_viscosity_air = 1.846E-5;
} else {
if ((rtb_Text >= 325.0) && (rtb_Text < 350.0)) {
rtb_mu_viscosity_air = 1.962E-5;
}
}
/* End of MATLAB Function: '<Root>/Dynamic Viscosity of air with Temperature,
mu_viscosity_air' */
/* MATLAB Function: '<Root>/Conductivity of air with Temperature, K_cond_air' */
rtb_K_cond_air = 0.0;
if ((rtb_Text >= 198.0) && (rtb_Text < 223.0)) {
rtb_K_cond_air = 0.01834;
} else if ((rtb_Text >= 223.0) && (rtb_Text < 248.0)) {
rtb_K_cond_air = 0.02041;
} else if ((rtb_Text >= 248.0) && (rtb_Text < 258.0)) {
rtb_K_cond_air = 0.02241;
} else if ((rtb_Text >= 258.0) && (rtb_Text < 263.0)) {
rtb_K_cond_air = 0.0232;
} else if ((rtb_Text >= 263.0) && (rtb_Text < 268.0)) {
rtb_K_cond_air = 0.02359;
} else if ((rtb_Text >= 268.0) && (rtb_Text < 273.0)) {
rtb_K_cond_air = 0.02397;
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} else if ((rtb_Text >= 273.0) && (rtb_Text < 278.0))
rtb_K_cond_air = 0.02436;
} else if ((rtb_Text >= 278.0) && (rtb_Text < 283.0))
rtb_K_cond_air = 0.02474;
} else if ((rtb_Text >= 283.0) && (rtb_Text < 288.0))
rtb_K_cond_air = 0.02512;
} else if ((rtb_Text >= 288.0) && (rtb_Text < 293.0))
rtb_K_cond_air = 0.0255;
} else if ((rtb_Text >= 293.0) && (rtb_Text < 298.0))
rtb_K_cond_air = 0.02587;
} else if ((rtb_Text >= 298.0) && (rtb_Text < 303.0))
rtb_K_cond_air = 0.02624;
} else if ((rtb_Text >= 303.0) && (rtb_Text < 313.0))
rtb_K_cond_air = 0.02662;
} else if ((rtb_Text >= 313.0) && (rtb_Text < 323.0))
rtb_K_cond_air = 0.02735;
} else if ((rtb_Text >= 323.0) && (rtb_Text < 333.0))
rtb_K_cond_air = 0.02808;
} else {
if ((rtb_Text >= 333.0) && (rtb_Text < 353.0)) {
rtb_K_cond_air = 0.0288;
}
}

{
{
{
{
{
{
{
{
{

/* End of MATLAB Function: '<Root>/Conductivity of air with Temperature, K_cond_air' */
/* MATLAB Function: '<Root>/Prandtl Number, Pr' incorporates:
* MATLAB Function: '<Root>/Cp(Text)'
*/
rtb_Pr = ((((((1.0 / rtb_Text * -196.827561 + 10099.5016 * rt_powd_snf
(rtb_Text, -2.0)) + 5.00915511) + -0.00576101373 * rtb_Text) +
rtb_Text * rtb_Text * 1.06685993E-5) + -7.94029797E-9 *
rt_powd_snf(rtb_Text, 3.0)) + 2.18523191E-12 * rt_powd_snf(rtb_Text,
4.0)) * 8.314 / 0.02896512 * rtb_mu_viscosity_air / rtb_K_cond_air;
/* MATLAB Function: '<Root>/Mach Number, M_mach' */
rtb_M_mach = FTMS_Internalenergy_model_22f_B.v_velocity / sqrt
(401.79999999999995 * rtb_Text);
/* MATLAB Function: '<Root>/Density with Altitude, rho_density_air' */
rtb_rho_density_air = 0.0;
if (FTMS_Internalenergy_model_22f_B.h < 11000.0) {
rtb_rho_density_air = rt_powd_snf(288.15 / (-0.0065 *
FTMS_Internalenergy_model_22f_B.h + 288.15), -4.25578774055217) * 1.225;
} else if ((FTMS_Internalenergy_model_22f_B.h >= 11000.0) &&
(FTMS_Internalenergy_model_22f_B.h < 20000.0)) {
rtb_rho_density_air = exp((FTMS_Internalenergy_model_22f_B.h - 11000.0) *
-0.28404373326 / 1801.32771567) * 0.36391;
} else if ((FTMS_Internalenergy_model_22f_B.h >= 20000.0) &&
(FTMS_Internalenergy_model_22f_B.h < 32000.0)) {
rtb_rho_density_air = rt_powd_snf(216.65 /
((FTMS_Internalenergy_model_22f_B.h - 20000.0) * 0.001 + 216.65),
35.1626203135891) * 0.08803;
} else if ((FTMS_Internalenergy_model_22f_B.h >= 32000.0) &&
(FTMS_Internalenergy_model_22f_B.h < 47000.0)) {
rtb_rho_density_air = rt_powd_snf(228.65 /
((FTMS_Internalenergy_model_22f_B.h - 32000.0) * 0.0028 + 228.65),
13.200935826281823) * 0.01322;
} else if ((FTMS_Internalenergy_model_22f_B.h >= 47000.0) &&
(FTMS_Internalenergy_model_22f_B.h < 51000.0)) {
rtb_rho_density_air = exp((FTMS_Internalenergy_model_22f_B.h - 47000.0) *
-0.28404373326 / 2250.30854487) * 0.00143;
} else if ((FTMS_Internalenergy_model_22f_B.h >= 51000.0) &&
(FTMS_Internalenergy_model_22f_B.h < 71000.0)) {
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rtb_rho_density_air = rt_powd_snf(270.65 /
((FTMS_Internalenergy_model_22f_B.h - 51000.0) *
-11.200935826281823) * 0.00086;
} else {
if ((FTMS_Internalenergy_model_22f_B.h >= 71000.0)
(FTMS_Internalenergy_model_22f_B.h < 86000.0))
rtb_rho_density_air = rt_powd_snf(214.65 /
((FTMS_Internalenergy_model_22f_B.h - 71000.0)
-16.081310156794551) * 6.4E-5;
}
}

-0.0028 + 270.65),

&&
{
* -0.002 + 214.65),

/* End of MATLAB Function: '<Root>/Density with Altitude, rho_density_air' */
/* MATLAB Function: '<Root>/Reynolds Number, Re' */
rtb_rho_density_air = rtb_rho_density_air *
FTMS_Internalenergy_model_22f_B.v_velocity / rtb_mu_viscosity_air;
/* MATLAB Function: '<Root>/Convective heat transfer coeff., hconv' */
rtb_mu_viscosity_air = 0.0;
if (rtb_rho_density_air < 500000.0) {
rtb_mu_viscosity_air = 0.664 * rt_powd_snf(rtb_Pr, 0.33333333333333331) *
sqrt(rtb_rho_density_air);
} else {
if (rtb_rho_density_air >= 500000.0) {
rtb_mu_viscosity_air = (0.037 * rt_powd_snf(rtb_rho_density_air, 0.8) 871.0) * rt_powd_snf(rtb_Pr, 0.33333333333333331);
}
}
/* MATLAB Function: '<Root>/TH' incorporates:
* Constant: '<Root>/mR'
* MATLAB Function: '<Root>/Altitude & Velocity with time, h & v_velocity'
* MATLAB Function: '<Root>/Cp(TT)'
* Sum: '<Root>/m1'
*/
rtb_rho_density_air = 288.0;
if ((!(rtb_Clock == 0.0)) && (rtb_Clock > 0.0)) {
rtb_rho_density_air = (FTMS_Internalenergy_model_22f_B.mE + 0.5) *
(((((((1.0 / rtb_TT * -5576.60045 + -421826.213 * rt_powd_snf(rtb_TT, -2.0))
+ 152.2120958) + -0.861019755 * rtb_TT) + rtb_TT * rtb_TT *
0.003071662234) + -4.70278954E-6 * rt_powd_snf(rtb_TT, 3.0)) +
2.743019833E-9 * rt_powd_snf(rtb_TT, 4.0)) * 8.314 / 0.16731102);
rtb_rho_density_air = (rtb_TT - (1.0 - exp(1000.0 / rtb_rho_density_air)) *
(real_T)rtb_Tload) * exp(-1000.0 / rtb_rho_density_air);
}
/* End of MATLAB Function: '<Root>/TH' */
/* MATLAB Function: '<Root>/Cp(TH)' */
rtb_Cp_TH = ((((((1.0 / rtb_rho_density_air * -5576.60045 + -421826.213 *
rt_powd_snf(rtb_rho_density_air, -2.0)) + 152.2120958) +
-0.861019755 * rtb_rho_density_air) + rtb_rho_density_air *
rtb_rho_density_air * 0.003071662234) + -4.70278954E-6 *
rt_powd_snf(rtb_rho_density_air, 3.0)) + 2.743019833E-9 *
rt_powd_snf(rtb_rho_density_air, 4.0)) * 8.314 / 0.16731102;
/* MATLAB Function: '<Root>/TC' incorporates:
* Constant: '<Root>/mR'
* MATLAB Function: '<Root>/Adiabatic Wall Temperature, Tad'
* MATLAB Function: '<Root>/Altitude & Velocity with time, h & v_velocity'
* MATLAB Function: '<Root>/Convective heat transfer coeff., hconv'
*/
rtb_TC = 0.0;
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rtb_K_cond_air = rtb_mu_viscosity_air * rtb_K_cond_air * 0.8;
if (rtb_Clock == 0.0) {
rtb_TC = 288.0;
} else {
if (rtb_Clock > 0.0) {
rtb_TC = (rtb_rho_density_air - (rt_powd_snf(rtb_Pr, 0.33333333333333331) *
0.19999999999999996 * (rtb_M_mach * rtb_M_mach) + 1.0) *
rtb_Text * (1.0 - exp(rtb_K_cond_air / (0.5 * rtb_Cp_TH)))) *
exp(-rtb_K_cond_air / (0.5 * rtb_Cp_TH));
}
}
/* End of MATLAB Function: '<Root>/TC' */
/* Integrator: '<Root>/Mass in Tank, mT' */
/* Limited Integrator */
if (FTMS_Internalenergy_model_22f_X.MassinTankmT_CSTATE >= (rtInf)) {
FTMS_Internalenergy_model_22f_X.MassinTankmT_CSTATE = (rtInf);
} else {
if (FTMS_Internalenergy_model_22f_X.MassinTankmT_CSTATE <= 0.0) {
FTMS_Internalenergy_model_22f_X.MassinTankmT_CSTATE = 0.0;
}
}
/* Product: '<Root>/Divide' incorporates:
* Constant: '<Root>/Pressure(Fuel),P'
* Constant: '<Root>/mR'
* Integrator: '<Root>/Enthalpy of Tank, hT'
* Integrator: '<Root>/Mass in Tank, mT'
* MATLAB Function: '<Root>/Enthalpy of Cooler, hC'
* MATLAB Function: '<Root>/Jet Fuel Density Variation, rho '
* Product: '<Root>/(hT-P//rho)*dmT//dt'
* Product: '<Root>/P//rho'
* Product: '<Root>/m1*hT'
* Product: '<Root>/mR*hC'
* Sum: '<Root>/Subtract'
* Sum: '<Root>/UT'
* Sum: '<Root>/m1'
*/
FTMS_Internalenergy_model_22f_B.dhTdt = (((((((((log(rtb_TC) / rtb_TC *
-5576.60045 + 421826.213 * rt_powd_snf(rtb_TC, -2.0)) + 152.2120958) +
rtb_TC / 2.0 * -0.861019755) + rtb_TC * rtb_TC / 3.0 * 0.003071662234) +
rt_powd_snf(rtb_TC, 3.0) / 4.0 * -4.70278954E-6) + rt_powd_snf(rtb_TC, 4.0) /
5.0 * 2.743019833E-9) + -32383.6915 / rtb_TC) * (8.314 * rtb_TC) /
0.16731102 * 0.5 - (FTMS_Internalenergy_model_22f_B.mE + 0.5) *
FTMS_Internalenergy_model_22f_X.EnthalpyofTankhT_CSTATE) (FTMS_Internalenergy_model_22f_X.EnthalpyofTankhT_CSTATE - 101325.0 / (sin
(0.0007678 * rtb_TT + 8.513) * 1256.0)) *
FTMS_Internalenergy_model_22f_B.dmTdt) /
FTMS_Internalenergy_model_22f_X.MassinTankmT_CSTATE;
if (rtmIsMajorTimeStep(FTMS_Internalenergy_model_22_M)) {
if (rtmIsMajorTimeStep(FTMS_Internalenergy_model_22_M)) {
/* Update for Delay: '<Root>/Delay2' */
FTMS_Internalenergy_model_22_DW.Delay2_DSTATE =
FTMS_Internalenergy_model_22f_B.mE;
/* Update for Delay: '<Root>/Delay1' */
FTMS_Internalenergy_model_22_DW.Delay1_DSTATE =
FTMS_Internalenergy_model_22f_B.h;
/* Update for Delay: '<Root>/Delay' */
FTMS_Internalenergy_model_22_DW.Delay_DSTATE =
FTMS_Internalenergy_model_22f_B.v_velocity;
}
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/* Update for Integrator: '<Root>/Enthalpy of Tank, hT' */
FTMS_Internalenergy_model_22_DW.EnthalpyofTankhT_IWORK = 0;
}
/* end MajorTimeStep */
if (rtmIsMajorTimeStep(FTMS_Internalenergy_model_22_M)) {
rt_ertODEUpdateContinuousStates(&FTMS_Internalenergy_model_22_M->solverInfo);
/* Update absolute time for base rate */
/* The "clockTick0" counts the number of times the code of this task has
* been executed. The absolute time is the multiplication of "clockTick0"
* and "Timing.stepSize0". Size of "clockTick0" ensures timer will not
* overflow during the application lifespan selected.
*/
++FTMS_Internalenergy_model_22_M->Timing.clockTick0;
FTMS_Internalenergy_model_22_M->Timing.t[0] = rtsiGetSolverStopTime
(&FTMS_Internalenergy_model_22_M->solverInfo);
{
/* Update absolute timer for sample time: [0.1s, 0.0s] */
/* The "clockTick1" counts the number of times the code of this task has
* been executed. The resolution of this integer timer is 0.1, which is the step size
* of the task. Size of "clockTick1" ensures timer will not overflow during the
* application lifespan selected.
*/
FTMS_Internalenergy_model_22_M->Timing.clockTick1++;
}
}

/* end MajorTimeStep */

}
/* Derivatives for root system: '<Root>' */
void FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase_derivatives(void)
{
boolean_T lsat;
boolean_T usat;
XDot_FTMS_Internalenergy_mode_T *_rtXdot;
_rtXdot = ((XDot_FTMS_Internalenergy_mode_T *)
FTMS_Internalenergy_model_22_M->derivs);
/* Derivatives for Integrator: '<Root>/Enthalpy of Tank, hT' */
_rtXdot->EnthalpyofTankhT_CSTATE = FTMS_Internalenergy_model_22f_B.dhTdt;
/* Derivatives for Integrator: '<Root>/Mass in Tank, mT' */
lsat = (FTMS_Internalenergy_model_22f_X.MassinTankmT_CSTATE <= 0.0);
usat = (FTMS_Internalenergy_model_22f_X.MassinTankmT_CSTATE >= (rtInf));
if (((!lsat) && (!usat)) || (lsat && (FTMS_Internalenergy_model_22f_B.dmTdt >
0.0)) || (usat && (FTMS_Internalenergy_model_22f_B.dmTdt < 0.0))) {
_rtXdot->MassinTankmT_CSTATE = FTMS_Internalenergy_model_22f_B.dmTdt;
} else {
/* in saturation */
_rtXdot->MassinTankmT_CSTATE = 0.0;
}
/* End of Derivatives for Integrator: '<Root>/Mass in Tank, mT' */
}
/* Model initialize function */
void FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase_initialize(void)
{
/* Registration code */
/* initialize non-finites */
rt_InitInfAndNaN(sizeof(real_T));
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{
/* Setup solver object */
rtsiSetSimTimeStepPtr(&FTMS_Internalenergy_model_22_M->solverInfo,
&FTMS_Internalenergy_model_22_M->Timing.simTimeStep);
rtsiSetTPtr(&FTMS_Internalenergy_model_22_M->solverInfo, &rtmGetTPtr
(FTMS_Internalenergy_model_22_M));
rtsiSetStepSizePtr(&FTMS_Internalenergy_model_22_M->solverInfo,
&FTMS_Internalenergy_model_22_M->Timing.stepSize0);
rtsiSetdXPtr(&FTMS_Internalenergy_model_22_M->solverInfo,
&FTMS_Internalenergy_model_22_M->derivs);
rtsiSetContStatesPtr(&FTMS_Internalenergy_model_22_M->solverInfo, (real_T **)
&FTMS_Internalenergy_model_22_M->contStates);
rtsiSetNumContStatesPtr(&FTMS_Internalenergy_model_22_M->solverInfo,
&FTMS_Internalenergy_model_22_M->Sizes.numContStates);
rtsiSetNumPeriodicContStatesPtr(&FTMS_Internalenergy_model_22_M->solverInfo,
&FTMS_Internalenergy_model_22_M->Sizes.numPeriodicContStates);
rtsiSetPeriodicContStateIndicesPtr
(&FTMS_Internalenergy_model_22_M->solverInfo,
&FTMS_Internalenergy_model_22_M->periodicContStateIndices);
rtsiSetPeriodicContStateRangesPtr
(&FTMS_Internalenergy_model_22_M->solverInfo,
&FTMS_Internalenergy_model_22_M->periodicContStateRanges);
rtsiSetErrorStatusPtr(&FTMS_Internalenergy_model_22_M->solverInfo,
(&rtmGetErrorStatus(FTMS_Internalenergy_model_22_M)));
rtsiSetRTModelPtr(&FTMS_Internalenergy_model_22_M->solverInfo,
FTMS_Internalenergy_model_22_M);
}
rtsiSetSimTimeStep(&FTMS_Internalenergy_model_22_M->solverInfo,
MAJOR_TIME_STEP);
FTMS_Internalenergy_model_22_M->intgData.y =
FTMS_Internalenergy_model_22_M->odeY;
FTMS_Internalenergy_model_22_M->intgData.f[0] =
FTMS_Internalenergy_model_22_M->odeF[0];
FTMS_Internalenergy_model_22_M->intgData.f[1] =
FTMS_Internalenergy_model_22_M->odeF[1];
FTMS_Internalenergy_model_22_M->intgData.f[2] =
FTMS_Internalenergy_model_22_M->odeF[2];
FTMS_Internalenergy_model_22_M->contStates = ((X_FTMS_Internalenergy_model_2_T
*) &FTMS_Internalenergy_model_22f_X);
rtsiSetSolverData(&FTMS_Internalenergy_model_22_M->solverInfo, (void *)
&FTMS_Internalenergy_model_22_M->intgData);
rtsiSetSolverName(&FTMS_Internalenergy_model_22_M->solverInfo,"ode3");
rtmSetTPtr(FTMS_Internalenergy_model_22_M,
&FTMS_Internalenergy_model_22_M->Timing.tArray[0]);
FTMS_Internalenergy_model_22_M->Timing.stepSize0 = 0.1;
rtmSetFirstInitCond(FTMS_Internalenergy_model_22_M, 1);
/* InitializeConditions for Integrator: '<Root>/Enthalpy of Tank, hT' */
if (rtmIsFirstInitCond(FTMS_Internalenergy_model_22_M)) {
FTMS_Internalenergy_model_22f_X.EnthalpyofTankhT_CSTATE = 0.0;
}
FTMS_Internalenergy_model_22_DW.EnthalpyofTankhT_IWORK = 1;
/* End of InitializeConditions for Integrator: '<Root>/Enthalpy of Tank, hT' */
/* InitializeConditions for Integrator: '<Root>/Mass in Tank, mT' */
FTMS_Internalenergy_model_22f_X.MassinTankmT_CSTATE = 4500.0;
/* set "at time zero" to false */
if (rtmIsFirstInitCond(FTMS_Internalenergy_model_22_M)) {
rtmSetFirstInitCond(FTMS_Internalenergy_model_22_M, 0);
}
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}
/* Model terminate function */
void FTMS_Internalenergy_model_22feb20_FP_1TOP_basecase_terminate(void)
{
/* (no terminate code required) */
}
/*
* File trailer for generated code.
*
* [EOF]
*/
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Appendix C
Comparison of solvers in MATLAB/Simulink

In this section, the flight conditions mentioned in the base case scenario (Section 6.1.1) was
simulated using the different solvers available in MATLAB/Simulink. The type of solver and the
corresponding value of the heated fuel temperature at the different time-steps is shown in Table C.1.
It can be clearly seen from the table that there is no change in the values within the significant
figure of interest in the heated fuel temperature values at the three time-steps that were observed.

Table C.1 Heated fuel temperature values for different types of solvers

Solver Type

Heated fuel temperature, TH (K)
Value at initial

Value at 3000 s

time-step

Value at final
time-step

Ode1

315.40

320.55

325.21

Ode2

315.40

320.55

325.21

Ode3

315.40

320.55

325.21

Ode4

315.40

320.55

325.21

Ode5

315.40

320.55

325.21

Ode8

315.40

320.55

325.21
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Appendix D
Time-step validation in case of non-uniform flight conditions

The model with inputs of non-uniform flight conditions was run for five different time-steps
ranging from 500 seconds to 0.01 seconds. The non-uniform flight conditions as mentioned in
Table 6.2.1 were used in the simulations with flight parameters set to the base case mentioned in
Table 6.2.2 in Section 6.1.1. A significant variation in the values can be observed for the different
time steps. However, taking into consideration the computation time, and observing the value of
heated fuel temperature at 500 seconds and 3000 seconds and the final time step, the time-step of
0.1 seconds was found to be suitable.

Table D.1 Heated fuel temperature values for various time-steps (non-uniform flight)

Time-step

Simulation

(s)

run time (s)

Heated fuel temperature, TH (K)
Value at 500 s

Value at 3000 s

Value at final
time-step

500

1.89

290.35

314.39

330.33

100

6.28

337.57

314.62

331.41

10

14.97

337.61

315.28

331.33

1

119.1

337.61

321.73

338.24

0.1

2814.3

337.61

322.40

350.43

0.01

11462.3

337.61

322.68

350.67
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Appendix E
FTMS Mode 2: Controlling the heat removal capacity in uniform flight

In this section, the fuel thermal management system is simulated in Mode 2 where the heat
removal rate is specified, and the corresponding surface temperature and the heated fuel
temperatures are calculated for different combinations of flight conditions.

E.1 Base case

The flight conditions in Table E.1 are first considered and assumed to be constant during
the entire duration of flight. The variation of the temperatures at the critical points of the
FTMS are calculated and plotted in Figure E.1. The variation of the heat rejected at the low
temperature heat exchanger is plotted in Figure E.2. The variation of the heat rejected at
the low temperature heat exchanger is plotted in Figure E.2. The addition of heat at a
constant rate (𝑄̇𝐻 = 150 kW) and rejection at a smaller rate (𝑄̇𝐶 < 𝑄̇𝐻 ) results in an increase
of the fuel temperature at all points of the thermal management system throughout the
simulation time. This also explains the consistent difference between heated fuel
temperature and cooled fuel temperature. In the meantime, temperature at the surface of
the heat generating components increases due to the degraded capacity of the incoming
fuel (higher temperature fuel is used as the heat carrier). While it is difficult to ascertain
from Figure E.1, the increase of the heated fuel temperature while the low temperature heat
exchanger parameters remain unchanged causes the heat rejection rate to increase
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substantially during the flight. In this case an increase in heat rejection rate from 14 kW at

t = 0 to about 19.5 kW at the end of the simulated flight duration can be observed.

Table E.1 FTMS parameters while maintaining a constant heat removal rate
Parameters

Values

Altitude of flight, H

10,000 m

Cruise speed of flight, V

250 m/s

Heater conductance, UHAH

1000 W/K

Cooler surface area, AC

1 m2

Tank heat loss, 𝑄̇ loss

0 kW

Recirculation mass flow rate, ṁ𝑅

0.5 kg/s

Mass flow rate to engine, ṁ𝐸

0.8 kg/s

Heat removal rate, 𝑄̇𝐻

150 kW

Initial tank fuel temperature, 𝑇𝑇 initial

288 K

Initial tank fuel mass, 𝑚 𝑇 initial

4500 kg

Duration of flight, t

4500 s

Figure E.1 Fuel temperatures at critical points of the FTMS
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Figure E.2 Heat transfer rate from cold heat exchanger in the FTMS

As time passes an increase in heat rejection rate can be observed in the system. This can
be attributed to the change in heat capacity due to the increase in temperature of the fuel in
the high temperature heat exchanger.

E.2 Effect of flight altitude

The effect of the flight altitude with a constant heat removal rate in the heater is simulated.
The heated fuel temperature and the heat source temperature of the components were
analyzed by running the model at different flight altitude. Plots representing the heated fuel
temperature and the heat source temperature are shown in Figure E.3 and Figure E.4
respectively. The base case scenario of Section E.1 is simulated for different flight
altitudes, while maintaining all other conditions listed in Table E.1 constant.
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Figure E.3 Heated fuel temperatures for different flight altitudes

Figure E.4 Heat source temperatures for different flight altitudes

Figure E.3 shows that the heated fuel temperature has a limited sensitivity to the altitude
of flight, especially for H ≤ 10,000 m. The 12,500 m flight altitude, the only case outside
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the troposphere, however, shows a higher heated fuel temperature. This is mainly explained
by the reduced cooling capacity at that altitude. The temperature at the surface of the heat
generating components follows the same trend as the heated fuel temperature (Figure E.4), with
little sensitivity to the flight altitude, except when the flight takes place outside the troposphere (H
≥ 12,500m).

E.3 Effect of cruise speed

The model is then run for cases with varying cruise speeds of flight keeping other variables
of flight mentioned in the Table 6.1.2 constant throughout the flight time. Five different
cruise speeds mentioned earlier in Section 6.1 to illustrate subsonic, transonic and
supersonic flight conditions are simulated in the model.

Figure E.5 Heated fuel temperatures for different cruise speeds
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The heated fuel temperature and the heat source temperature analyzed as shown in Figure
E.5 and Figure E.6 respectively does not show a quantifiable change that could make one
velocity better than the other. This meant that the increase in cooling capacity does not
have much effect on the heated fuel temperature and the heat source temperature while a
constant heat is being rejected into the fuel at the high temperature heat exchanger.

Figures E.5 and E.6 show that the heated fuel temperatures and the temperature at the
surface of the heat generating components are not very sensitive to the cruise speed. In
both cases, the differences in temperature are less than 2 K throughout the flight range. The
case of cruise speed, V = 400 m/s is the least favorable in part due to the role of aerodynamic
heating.

Figure E.6 Heat source temperatures for different cruise speeds
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E.4 Effect of high temperature heat exchanger conductance values

A constant heat removal rate in an FTMS with different high temperature heat exchanger
conductance values is simulated. Figure E.7 shows that the heater conductance has no
effect on the heated fuel temperature. The fuel temperature at the other points of the FTMS
is also not affected as the conditions of the heat rejection at the low temperature heat
exchanger are unchanged (due to constant ambient air temperature and cruise speed).
However, the increase of the heater conductance for the same heat removal rate (𝑄̇𝐻 = 150
kW) implies a reduction of the temperature difference between the heat sink (fuel in this
case) and the surface of the heat generating components.

Figure E.7 Heated fuel temperatures for different heater conductance values

This could be inferred from Equation 4.3. Figure E.8 shows that increasing the conductance
value from 500 W/K to 2500 W/K allows for a reduction of the surface temperatures by
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more than 250 K. It is understood that the increase of the conductance would come with its
own challenges such as increased footprint, cost, pumping energy etc.

Figure E.8 Heat source temperatures for different heater conductance values

E.5 Effect of low temperature heat exchanger surface area

The surface area parameter of the low temperature heat exchanger is investigated in this
section. As the surface area is increased, the heat rejection capacity to the ambient
increases, which in turn translates to a lower heated fuel temperature. The heat removal
rate remaining constant, the heat source temperature is lower for a cooler with higher
surface area and higher for a cooler with lower surface area. The effect of increased surface
area is also observed to become increasingly important during the flight with more than
20 K difference between the low temperature heat exchangers with surface areas of 0.5 m2
and 2.5 m2 towards the end of the flight. The overall heat removal capacity being
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maintained constant, the reduction of the heated fuel temperature is associated with a
reduction in the same proportion of the temperature at the heat generating components.

Figure E.9 Heated fuel temperatures for different cooler surface area values

Figure E.10 Heat source temperatures for different cooler surface area values
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E.6 Effect of fuel tank heat losses

Different values of the tank heat loss rates are considered, keeping all other flight
conditions constant. The results are qualitatively the same as those obtained when varying
the low temperature heat exchanger surface area. More specifically, the Figure E.11 shows
that the increase over time of the heated fuel temperature is more moderate when the fuel
tank experiences large heat losses. At the end of the flight time, the maximum fuel
temperature is at 358 K for the 𝑄̇𝑙𝑜𝑠𝑠 = 30 kW case, whereas this level of fuel temperature
is obtained after about 2000 s of flight only when 𝑄̇𝑙𝑜𝑠𝑠 = -10 kW. A practical implication
of this result is a reduction of the flight endurance in the latter case.

Figure E.11 Heated fuel temperature for different fuel tank heat loss rates

Similarly, Figure E.12 shows that the increase of the temperature at the surface of the heat
generating components is much smaller when 𝑄̇𝑙𝑜𝑠𝑠 is large. At the end of the flight range,
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the difference in temperature between the surface and the fuel is more than 30 K between
the 𝑄̇𝑙𝑜𝑠𝑠 = -10 kW and 𝑄̇𝑙𝑜𝑠𝑠 = 30 kW cases. Thus, for a tank with higher heat loss rates,
the tank fuel temperature goes and since the tank fuel acts as an input to the heater, the rise
in heated fuel temperature due to the addition of heat is lesser. This in turn helps to absorb
the heat from the surface with minimal increase in heat source temperature. In all the cases,
an increasing trend in the high temperature heat exchanger surface can be noticed which is
undesirable. This can be attributed to the constant heat addition at the heater and
diminishing quantity of fuel in the tank.

Figure E.12 Heat source temperature for different fuel tank heat loss rates

E.7 Effect of fuel recirculation rate

The effect of the fuel recirculation rate on the performance of the FTMS is investigated in
this section. Figure E.13 shows that for a constant heat removal rate, a very low fuel
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temperature is obtained when the fuel recirculation rate is high. However, a high ṁR value
is not desirable on the long run as the fuel temperature quickly increases with time. Figure
E.13 shows that a small value of the fuel recirculation rate although not ideal during the
earlier phases of the flight, leads to a virtually constant heated fuel temperature throughout
the flight range, which can be interesting for the aircraft operators.

Figure E.13 Heated fuel temperature for different fuel recirculation rates

The initial heated fuel temperature is lowest for higher recirculation rate and since hot fuel
is fed back into the tank, eventually the temperature rises and at the end of flight, the heated
fuel temperature is highest for higher recirculation rates. Thus, higher recirculation rates
might be useful for shorter flight durations.
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From Figure E.14 it is seen that the ṁR = 0.5 - 1.5 kg/s recirculation rate cases produce a
very low temperature at the surface of the heat generating components early on the mission
and a very high surface temperature later in the flight. A difference of close to 80 K
experienced by the surface temperature may not be ideal. In contrast, the ṁR = 0.01 kg/s
and ṁR = 0.1 kg/s cases result in a surface temperature variation of less than 5 K during
the entire flight range. Figures E.13 and E.14 suggest that there may be an advantage in
implementing a dynamic control of the fuel recirculation rate during the flight.

Figure E.14 Heat source temperature for different fuel recirculation rates

E.8 Effect of different values of heat removal rate

Finally, while all the results presented in Appendix E so far considered a heat removal
capacity specified at 𝑄̇𝐻 = 150 kW, a few more simulations have been performed with
values of 𝑄̇𝐻 of 50 kW, 100 kW, 150 kW, 200 kW and 250 kW. Figure E.15 shows that
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the increase in the fuel temperature is steeper for the higher values of 𝑄̇𝐻 (17% at 𝑄̇𝐻 = 250
kW) and smoother for the lower values of 𝑄̇𝐻 ( 3% at 𝑄̇𝐻 = 50 kW).

Figure E.15 Heated fuel temperature for constant heat removal rate

Figure E.16 Heat source temperature for constant heat removal rate
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The situation is identical for the temperature at the surface of the heat generating
components. The increase rate is very gradual for lower heat generation rates (9% for the
𝑄̇𝐻 = 50 kW case) and significantly more pronounced for the higher heat generation rates
(3% increase for the 𝑄̇𝐻 = 250 kW) A direct relationship of increased temperature for
increase in heat removal rate values can be inferred from these simulations.
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Appendix F
FTMS Mode 3: Maintain the heated fuel temperature in uniform flight
In this section the FTMS is simulated in Mode 3 where the temperature of the fuel being
sent to the engine (heated fuel temperature) is specified throughout the duration of flight
and conditions defined in Table F.1. During this scenario, the two primary parameters
namely heat source temperature of the heater surface and the heat removal rate at the heater
are analyzed for each case of secondary parameter values mentioned in Table 6.1.1.

F.1 Base case

In this section the thermal management system maintains the heated fuel temperature
constant over the entire flight range. For the combination of flight conditions in Table F.1,
the variation of the heat removal capacity and the temperature at the surface of the heat
generating components are calculated and discussed. The simulations in this case are run
with heated fuel temperature being maintained constant at 350 K so that the fuel flowing
to the engine is at a constant temperature. For the base case scenario defined in Table F.1,
Figure F.1 shows the variation over time of fuel temperature at all the critical points of the
FTMS. The operating conditions of the low temperature heat exchanger being constant
throughout the flight, the exit temperature of the fuel, TC, is also approximately constant
and greater than the temperature at the fuel tank. As a result, the fuel temperature in the
tank increases in a seemingly linear fashion. The increase of the inlet temperature while
keeping the exit temperature constant results in a decrease in the surface of the heat
generating components over time. As seen in Figure F.1, the decrease is rather significant,
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from Tsource = 485 K at the start of the simulated flight time to Tsource = 425 K at the end of
the mission.

Table F.1 FTMS parameters while maintaining a constant heated fuel temperature
Parameter

Values

Altitude of flight, H

10,000 m

Cruise speed of flight, V

250 m/s

Heater conductance, UHAH

1000 W/K

Cooler surface area, AC

1 m2

Tank heat loss, 𝑄̇ loss

0 kW

Recirculation mass flow rate, ṁ𝑅

0.5 kg/s

Mass flow rate of fuel to engine, ṁ𝐸

0.8 kg/s

Heated fuel temperature, TH

350 K

Initial tank fuel temperature, 𝑇𝑇 initial

288 K

Initial tank fuel mass, 𝑚 𝑇 initial

4500 kg

Duration of flight, t

4500 s

Figure F.2 shows that the heat rejected at the low temperature heat exchanger is
approximately constant during the flight. On the other hand, the variation of Tsource, TT and

TH imply a degradation of the heat removal capacity of the fuel. The heat source
temperature decreases over time since the heated fuel temperature stays constant for a tank
fuel temperature which is increasing over time. Considering the heat transfer rate, the heat
rejected to the ambient stays constant since the cooling capacity of the cooler which is
affected by the velocity and altitude of flight does not change. A decrease in heat removal
rate by the fuel at the heater over time is observed. The decrease in difference between the

114

tank fuel temperature and the heated fuel temperature due to the rise in tank fuel
temperature over time explains this effect.

Figure F.1 Fuel temperatures at critical points of the FTMS

Figure F.2 Heat transfer rate from heat exchangers in the FTMS
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F.2 Effect of flight altitude

The uniform flight with a specified heated fuel temperature is simulated at different flight
altitudes, keeping all other flight parameters shown in Table F.1 unchanged. It is expected
that the change in flight altitude will affect the heat transfer rate at the low temperature heat
exchanger and hence affecting the heat rejection capacity.

Figure F.3 Heat source temperature for different flight altitudes

Figure F.3 shows that the effect of the flight altitude on the temperature that could be
maintained at the heat generating components is negligible when flight altitude, H ≤ 10,000
m. The simulation of H = 12,500 m however resulted in a slightly better thermal
management performance. In fact, the heat source temperature is consistently lower for the
flight altitude of H = 12,500 m case with a difference of 5 K compared to all other flight
altitude cases at the end of the simulated flight range.
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Figure F.4 Heat removal rate for different flight altitudes

Figure F.4 confirms the limited sensitivity of the thermal management system to the
altitude of flight where H ≤ 10,000 m. The flight altitude case of 12,500 m featured a
slightly reduced heat removal capacity which can be explained by the change in variation
of the ambient air temperature at the outside boundary of troposphere. The reduced heat
rejection capacity at a flight altitude, H = 12,500 m implies a reduced heat removal capacity
and hence a smaller surface temperature considering that the heated fuel temperature is
constant at TH = 350 K (Figure F.3)

F.3 Effect of cruise speed

The effects of the cruise speeds on the performance of the fuel thermal management system
are investigated by repeating the simulations at different flight speeds corresponding to the
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subsonic, transonic and supersonic flight regimes. The cruise speed values mentioned in
Table 6.1.1 were used to mimic these flight regimes. Figures F.5 and F.6 which depict the
heat source temperature and heat removal rate respectively, display very small sensitivity
to this parameter especially during the initial phases of the flight.

Figure F.5 Heat source temperature for different cruise speeds

The largest differences are about 1 % for the heat source temperature, Tsource and 6 % for
the heat removal rate, 𝑄̇𝐻 respectively and are observed at the end of the simulated flight
time. No appreciable change is found in either of the case for the primary parameters of
heat source temperature or heat removal rate values. This is because the heated fuel
temperature is assumed to stay constant due to which the heater surface temperature
decreases over time to adapt to the constant heated fuel temperature. This effect also keeps
the heat removal rate by the fuel to have similar trends to the heat source temperature.
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Figure F.6 Heat removal rate for different cruise speeds

F.4 Effect of high temperature heat exchanger conductance values

In this section, the sensitivity of the thermal management system working with a specified
maximum fuel temperature (350 K) to the conductance of the high temperature heat
exchanger is analyzed. All other aircraft operating conditions are maintained constant at
their values listed in Table F.1. For the five different conductance values considered in this
exercise, the heat source temperature decreases during the flight and the decrease rate
decreases with increase in conductance values.

The case of conductance value of 500 W/K shows a 150 K decrease of the temperature of
the heat generating components while, for the case of 2500 W/K, the heat source
temperature decreases by less than 30 K over the simulated flight time. It is likely that
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maintaining a low and constant heat source temperature is the preferred scenario for the
aircraft operators.

Figure F.7 Heat source temperature for different heater conductance values

The decrease of the heat source temperature while the temperature of the fuel at the exit of
the high temperature heat exchanger is maintained constant means that the heat removal
rate decreases during the flight. This is because for a bigger heater when the input and
output temperature of the fuel is constant, the heat source temperature sees a decrease.
Figure F.8 shows that the heat removal capacity has reduced by half by the end of the flight.
Interestingly, Figure F.8 reveal that the conductance of the heat exchanger has no effect on
the heat removal capacity which could have been inferred from Equations 4.2 and 4.3.
There is no change in the heat removal rates as the heated fuel temperature and the tank
fuel temperature remains constant through the entire simulation.
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Figure F.8 Heat removal rate for different heater conductance values

F.5 Effect of low temperature heat exchanger surface area

The idea of using different sizes of low temperature heat exchanger was simulated by
modifying the cooler surface area which would in turn vary the heat sink capacity of the
FTMS progressively for each of the simulation. Figures F.1 and F.2 showed that the
temperature of the heat dissipating components and the heat removal capacity decrease
over time when the maximum fuel temperature is maintained at a constant value during the
flight. Figures F.9 and F.10 show that the variation of heat source temperature and heat
removal rate are very sensitive to the surface area of the low temperature heat exchanger
and the effect of cooler surface area becomes increasingly important during the flight. In
fact, the two figures show that the decrease rates of heat source temperature and heat
removal rate are more gradual when the surface area is large. At the end of the simulated
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flight time a difference of about 30 K is observed between the heat source temperature
calculated with an area of 0.5 m2 and 2.5 m2.

On the other hand, the surface area of 2.5 m2 is predicted to have 50% greater heat removal
capacity than the surface area of 0.5 m2 at the end of the flight. Both results illustrate the
direct relationship between the heat rejection capacity at the low temperature heat
exchanger and the heat removal capacity of the fuel in the high temperature heat exchanger
during the flight. The primary parameters of heat source temperature and heat removal rate
was found to be highest for a cooler having the largest surface area. The fuel through the
cooler is cooled to a lower temperature using a bigger cooler. The primary parameters of
heat source temperature and heat removal rate was thus found to be highest for a cooler
having the largest surface area.

Figure F.9 Heat source temperature for different cooler surface areas

122

Figure F.10 Heat removal rate for different cooler surface areas

F.6 Effect of fuel tank heat losses

Various cases of tank heat loss were considered to simulate the varying heat transfer
properties of the different insulation materials available to cover the tank. Figures F.11 and
F.12 show similar results as Appendix F.5.

Heat losses at the fuel tank can be seen as an augmentation of the surface area of the heat
rejection equipment. More specifically, Figure F.12 indicates that the heat removal
capacity is 46% higher for the case of tank heat loss of 30 kW as compared to the tank heat
loss case of -10 kW. The heat loss from the tank decreases the tank fuel temperature which
must then be heated up by raising the heat source temperature for maintaining the heated
fuel temperature constant at 350 K. A rise in heat source temperature of about 50 K can be
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observed between the case of heat addition of 10 kW to the fuel tank and heat loss of 30 kW
from the fuel tank.

Figure F.11 Heat source temperature for different fuel tank heat loss rates

Figure F.12 Heat removal rate for different fuel tank heat loss rates
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F.7 Effect of fuel recirculation rate

All the simulations in the Appendix F.1 to F.6 were performed with a fuel recirculation
rate of ṁ𝑅 = 0.5 kg/s. The heated fuel temperature is specified as a user input and the
temperature of the heat generating components and the heat removal capacity by the FTMS
are calculated. In this section, the effect of the fuel recirculation rate is investigated.

Figure F.13 Heat source temperature for different fuel recirculation rates

Figure F.13 shows that the heated fuel temperature is very high when the recirculation fuel
rate is high early in the flight. For the recirculation rates of 1.5 kg/s, 1.0 kg/s and 0.5 kg/s,
the heat source temperature, Tsource decreases over time at a rate that is greater for the larger
values of recirculated fuel flow rates. For ṁ𝑅 = 1.5 kg/s, the heat source temperature is 390
K at the end of the flight which represents about 200 K drop compared to the start of the

125

flight time. The decrease in heat source temperature is significantly smaller when the
recirculation fuel flow rate, ṁ𝑅 = 0.1 kg/s.

Figure F.14 Heat removal rate for different fuel recirculation rates

Finally, when the recirculation fuel flow rate, ṁ𝑅 is 0.01 kg/s, the temperature at the surface
of the heat generating components, experiences a slight increase over the flight time. When
the heat removal rate, 𝑄̇𝐻 , is constant during the flight, it is likely that ensuring heat source
temperature is approximately constant (ṁ𝑅 = 0.01 kgs and ṁ𝑅 = 0.1 kg/s in these
simulations) will be the preferred scenario. Similar to Figure F.13, the Figure F.14 shows
that the heat removal capacity is high when a recirculation rate is used and decreases
overtime with a decrease rate that decreases as ṁ𝑅 decreases. The figure also shows that
the heat removal capacity, 𝑄̇𝐻 is approximately constant for a small recirculation rate.
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F.8 Effect of different values of heated fuel temperature

The FTMS in mode 3 is simulated with different values of heated fuel temperature, keeping
all other operating conditions constant as listed in Table F.1. The predicted variation of the
temperature at the surface of the heat generating components, Tsource and that of the heat
removal capacity are shown in Figures F.15 and F.16 respectively. The five heated fuel
temperature values considered in the study appear to give the same qualitative variation for
the heat source temperature, a gradual and monotonic decrease over time (Figure F.15).
The decrease rate of heat source temperature is however much greater for TH = 425 K case
than for TH = 325 K case (overall decrease rate of 25 % and 6.5 % respectively). It is
important to note that the heat source temperature is 200 K to 300 K greater for the TH =
325 K case, at any time during the flight. The heat removal capacity at the high temperature
heat exchanger also has the same qualitative variation for the different heated fuel
temperature values considered in this study (Figure F.16). In all the cases, the heat removal
rate, 𝑄̇𝐻 , decreases during the flight and the higher the input maximum fuel temperature,
the greater the decrease rate of 𝑄̇𝐻 .

It is unlikely that a large decrease of the heat removal capacity is a good feature of an
aircraft thermal management system. It is even more unlikely that allowing the surface of
the heat generating components to reach temperatures as high as 700 K is a desirable
outcome of the thermal management system. The last two observations indicate that
operating the mode 3 thermal management system with a high input maximum fuel
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temperature is not a recommendable practice, despite the fact that a high fuel temperature
could be beneficial for the combustion process.

Figure F.15 Heat source temperature for different heated fuel temperatures

Figure F.16 Heat removal rate for different heated fuel temperatures
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Appendix G
FTMS Mode 1: Effect of tank heat loss while maintaining heat source
temperature in non-uniform flight

The effect of allowing different amounts of heat to be transferred through the envelope of
the tank is examined in this section. The heat loss values of -10 kW (heat gain into the
tank), 0 kW (signifying adiabatic tank wall), 10 kW, 20kW and 30 kW are considered.

Figure G.1 Heat removal rate for different fuel tank heat loss rates

The highest value of heat loss resulted in the highest heat removal capacity, while the heater
tank case produces the lowest heat removal capacity (Figure G.1). It is also important to
note that the heat loss of 30 kW and 20 kW cases allow a significant reduction of the heat
removal capacity during the take-off, super-cruise, combat and cruise phases of the flight
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as observed in Figures G.1 and G.2. Conversely, the heat gain of 10 kW exacerbates the
deterioration of the heat removal capacity during the flight. Efforts should therefore be
invested to prevent heat gain through the envelope of the fuel tank.

Figure G.2 Heated fuel temperature for different fuel tank heat loss rates

Figure G.2 illustrates the effect of the heat transfer through the surface of the fuel tank on
the heated fuel temperature during the different phases of the flight. This effect is small
during the initial taxi phase and becomes increasingly pronounced during the subsequent
phases of the flight. During the combat and cruise phases, the heated fuel temperature is
predicted to decrease when the heat loss is 30 kW and is approximately constant for a value
of 20 kW and increases when the heat loss is lowered further. At the beginning of the
combat phase, ∆TH max = 10 K while at the end of the cruise phase the ∆TH max = 23 K.
While these differences may seem impressive on figure, the practical implication is limited.
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Appendix H
FTMS Mode 2 : Controlling the heat removal capacity in non-uniform
flight

In this section, the fuel thermal management system is operated in Mode 2 under nonuniform flight profile as defined in Table 6.2.1. In this mode the heat removal capacity is
specified as an input to the numerical program, and the variation of the different fuel
temperatures are calculated during the different phases of the flight.

H.1 Base case

A base case scenario is simulated for which the main fuel thermal management system
parameters namely the low and high temperature heat exchanger specifications, initial tank
fuel tank and temperature, recirculation fuel mass flow rate and duration of flight are
defined as summarized in Table H.1. The heat removal capacity is set constant at 150 kW.
The predicted variation of the fuel temperatures over time are shown in Figure H.1. The
temperature of the fuel at the exit of the tank increases throughout the flight due to the
constant addition of the cooled recirculated fuel from the low temperature heat exchanger
which is at a higher temperature than the fuel in the tank. The temperature at the surface of
the heat dissipating components is initially high and gradually increases due to the low heat
rejection capacity at the cooler.
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The increase of the convective heat transfer at the cooler and the amount of fuel sent to the
engine explain the sudden decrease of the heat source temperature. The increase of heat
source temperature is gradual over the subsequent phases of the flight, which means that
the variation of the fuel mass flow rate to engine, cruise speed and flight altitude are small
and balance each other. The heat source temperature suddenly changes during the landing
phase because of the sudden reduction of the convective heat transfer of the cooler and the
amount of heated fuel dumped out through the engine.

Table H.1 FTMS parameters while maintaining a constant heat removal rate
Parameter

Values

Heater conductance, UHAH

1000 W/K

Cooler surface area, AC

1 m2

Tank heat loss, 𝑄̇ loss

0 kW

Recirculation fuel mass flow rate, ṁ𝑅

0.5 kg/s

Heat removal rate, 𝑄̇𝐻

150 kW

Initial tank fuel temperature, 𝑇𝑇 initial

288 K

Initial tank fuel mass, 𝑚 𝑇 initial

4500 kg

Duration of flight, t

4500 s

Figure H.2 shows the variation of the heat rejection rate at the lower temperature heat
exchanger. The heat rejection rate, 𝑄̇𝐶 is constant during the initial taxi phase (Nusselt
number and ambient temperature are constant) and sharply increases at the beginning of
the take-off phase (increased Nusselt number and reduced ambient temperature).
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Figure H.1 Fuel temperatures at critical points of the FTMS

Figure H.2 Heat transfer rate from low temperature heat exchanger in the FTMS
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The variation of the heat removal rate is small during the super-cruise phase, evidencing a
limited effect of the change of altitude between H = 8000 m and H =11,000 m. The heat
rejection rate at the cooler, 𝑄̇𝐶 increases slightly during the combat and cruise phases which
can be correlated to the gradual divergence between the cooled fuel temperature, TC and
the tank fuel temperature, TT curves shown in Figure H.1. The heat rejection rate drops
suddenly during the landing phase due to the reduction in convective heat transfer at the
surface of the wing.

H.2 Effect of high temperature heat exchanger conductance values

The effect of the high temperature heat exchanger conductance value on the operating
Mode 2 of the FTMS is investigated in this section. The simulation is repeated with five
different values of conductance as mentioned in Table 6.1.1: 500 W/K, 1000 W/K, 1500
W/K, 2000 W/K and 2500 W/K. The heat exchanger conductance value can be changed by
enlarging the surface area of the heat exchanger or by improving the design of the heat
exchanger for a greater overall heat transfer coefficient.

It is expected that increasing the conductance will result in a smaller difference between
the heat source surface temperature and the heated fuel temperature. In the meantime, since
the heat removal capacity is unchanged, the difference between the heated fuel temperature
and the tank fuel temperature remains approximately constant which means that (Tsource -

TT) also reduces as the conductance is increased. In fact, Figure H.3 shows that the heated
fuel temperature is not affected by the variation of the heater conductance value, while
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Figure H.4 shows that the heat source temperature decreases at the heater conductance is
increased.

Figure H.3 Heated fuel temperature for different heater conductance values

Figure H.4 Heat source temperature for different heater conductance values
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It is noted that the high surface temperature obtained when using the lower values of
conductance are likely not practical and this fuel thermal management mode requires heater
conductance values of at least 1500 W/K. Furthermore, conductance values greater than
1500 W/K do not seem to allow a much better FTMS performance.

H.3 Effect of low temperature heat exchanger surface area

The sensitivity of the Mode 2 operating condition of the FTMS to the surface area of the
low temperature heat exchanger is analyzed in this section. For this purpose, the
simulations are performed for cooler areas of 0.5 m2, 1.0 m2, 1.5 m2, 2.0 m2 and 2.5 m2,
keeping all other FTMS parameters constant at their values listed in Table H.1. The heat
removal capacity is a user input and is kept constant at 𝑄̇𝐻 = 150 kW.

Figures H.5 and H.6 show that increasing the cooler surface area to increase the heat sink
capacity has a limited effect on the heated fuel temperature and the heat source temperature
until the start of super cruise phase. The effect of the cooler surface area becomes
increasingly important in the subsequent phases of the flight, with higher cooler surface
area values resulting in lower heated fuel and heat source temperatures. In quantitative
terms, increasing the area of the cooler by a factor of five only allowed a reduction of the
heated fuel temperature by a maximum of about 20 K. For the same change of cooler
surface area value, the temperature at the surface of the heat generating components
experiences a maximum reduction of about 25 K, demonstrating an overall limited effect
of the cooler surface area on the performance of the FTMS.
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Figure H.5 Heated fuel temperature for different cooler surface areas

Figure H.6 Heat source temperature for different cooler surface areas
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H.4 Effect of fuel tank heat losses

The sensitivity of the FTMS to the heat transfer through the envelope of the fuel tank is
now investigated. The heat removal rate is again set at a constant value (𝑄̇𝐻 = 150 kW) and
all other FTMS parameters are constant (Table H.2) except for the heat loss rate from the
tank which is assigned five different values.

As observed in the previous result sections, the heat loss through the envelope of the tank
plays the same role as heat rejected through the surface area of the cooler. Figures H.7 and
H.8 show that the effect of heat loss is negligible during the initial taxi and take off phases
and becomes increasingly pronounced during the subsequent phases of the flight.

Figure H.7 Heated fuel temperature for different fuel tank heat loss rates
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Figure H.8 Heat source temperature for different fuel tank heat loss rates

More specifically, the maximum difference between the predicted heated temperature
values is less than 5 K at the end of the take-off phase, it is about 10 K at the end of the
super-cruise phase and close to 50 K at the end of the landing phase. These differences are
greater than the ones predicted when the surface area of the low temperature heat exchanger
was varied (Figure H.5). The same qualitative and quantitative observations apply for the
heat source temperature (Figure H.8).

H.5 Effect of fuel recirculation rate

This section of the results discusses the sensitivity of the Mode 2 FTMS operation applied
to a non-uniform flight profile to the mass flow rate of the fuel recirculated back to the tank
through the cooler. Five different values of the fuel recirculation rate are considered:
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0.01 kg/s, 0.1 kg/s, 0.5 kg/s, 1.0 kg/s and 1.5 kg/s. The heat removal rate at the high
temperature heat exchanger is a user input and is kept constant at 𝑄̇𝐻 = 150 kW. All other
FTMS parameters are maintained constant as mentioned in Table H.1. Figure H.9 shows
that the lowest values of the recirculation fuel flow rate results in impressively high heated
fuel temperatures during the initial taxi and final landing phases of the flight and are clearly
not practical.

Two factors explain this observation. First, during these phases of the flight, the fuel
demand by the engine is low and a large temperature variation is required to satisfy the
required heat removal rate of 𝑄̇𝐻 = 150 kW. Secondly, the small recirculation rate does not
allow a significant heat rejection at the low temperature heat exchanger. On the other hand,
using a fuel recirculation rate of 1.0 kg/s or 1.5 kg/s does not seem to make much difference
on the heated fuel temperature.

Figure H.9 Heated fuel temperature for different fuel recirculation rates
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Figure H.10 shows the same effect of the fuel recirculation rate on the surface temperature
of the heat generating components. A recirculation fuel flow rate of 0.01 kg/s gives heat
source temperatures in the range of 975 K during the taxi and landing phases which the
heat dissipating components would likely not withstand. The 700 K surface temperature
for the recirculation fuel flow rate of 0.1 Kg/s case are also not practical. The fuel
recirculation rate has a small effect on Tsource over the take-off, super-cruise, combat and
cruise phases of the flight.

Figure H.10 Heat source temperature for different fuel recirculation rates

H.6 Effect of different values of heat removal rate

The final parametrical study on the Mode 2 operating condition of the FTMS in nonuniform flight conditions consists of repeating the base case simulation from Appendix H.1
to H.5 with different values of the heat removal rate.
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Figure H.11 Heated fuel temperature for different heat removal rates

Figure H.12 Heat source temperature for different heat removal rates
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Figures H.11 and H.12 show that the predicted variations of the heated fuel temperature
and the heat source temperature are the same in all the cases. But the temperatures increase
slightly during the taxi phase, drop sharply during the take-off, increase gradually during
the super-cruise, combat and cruise phases, before experiencing a sudden increase during
the landing phase. It is also observed that in all cases the greater the value of heat removed
from the heat generating components, the greater the fuel temperature is which is logical.
For the given flight and FTMS operation conditions (Table 6.2.1 and H.2 respectively),
only the 𝑄̇𝐻 = 50 kW, 𝑄̇𝐻 = 100 kW and with some reservations, the 𝑄̇𝐻 = 100 kW case
seem feasible.

143

Appendix I
FTMS Mode 3: Controlling the heated fuel temperature in non-uniform
flight
After analyzing the non-uniform flight under the first (controlled heat source temperature)
and second (controlled heat removal rate) thermal management modes, we now proceed
with the investigation of the third thermal management mode. This consists of specifying
the desired maximum fuel temperature and calculating the corresponding heat removal rate
and heat source temperature.

I.1 Base case

The FTMS is first operated in a base case scenario with the parameters as summarized in
Table F.1. The variation of the fuel temperature at the different points of the FTMS and the
heat transfer rates at the high and low temperature heat exchangers are calculated over the
course of the flight.
Table I.1 FTMS parameters while maintaining a constant heated fuel temperature
Parameter

Values

Heater conductance, UHAH

1000 W/K

Cooler surface area, AC

1 m2

Tank heat loss, 𝑄̇ loss

0 kW

Recirculation fuel mass flow rate, ṁ𝑅

0.5 kg/s

Heated fuel temperature, TH

350 K

Initial tank fuel temperature, 𝑇𝑇 initial

288 K

Initial tank fuel mass, 𝑚 𝑇 initial

4500 kg

Duration of flight, t

4500 s
144

Figure I.1 Fuel temperatures at critical points in FTMS

Figure I.1 shows that in order to maintain the maximum fuel temperature constant
throughout the flight while all FTMS parameters are constant, the temperature of the heat
dissipating components has to go through a series of important variations: Tsource decreases
slightly during the taxi phase, shoots up by more than 200 K at the start of the take-off
phase, then it decreases gradually during the remainder of the take-off . The heat source
temperature then drops sharply at the start of the super-cruise phase, then gradually
decreases during the rest of that phase of the flight. Similar behavior is observed for the
following flight phases.

The sudden variations in the heat source temperature is related to the sudden variation of
the heat removal capacity at the low temperature heat exchanger at each flight phase. For
example, the heat source temperature surges at the start of take-off since the heated fuel
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temperature (specified at a constant value for this FTMS mode) would otherwise sharply
decrease. The temperature of the cooled fuel recirculated back to the tank is predicted to
have limited amplitude variation. As a result, the temperature of the fuel leaving the tank
increases in a seemingly constant rate throughout the six phases of the flight. Despite the
sharp variations of the heat source temperatures, the four temperatures in Figure I.1 remain
within an acceptable range. Figure I.2 shows that the heat removal capacity at the heat
source has about the same variations as the heat source temperature. The variation in heat
removal rate, 𝑄̇𝐻 can be explained by the variations in the mass flow rate, ṁ1 and tank
fuel temperature, TT leaving the fuel tank (as evident from Equation 4.2) and the variation
of temperature at the surface of the heat dissipating components (Equation 4.3).

Figure I.2 Heat transfer rates in FTMS

The heat removal capacity is more than 10 times greater at the start of the take-off phase
compared to the end of the landing phase. This large variation is likely not practical. The
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heat rejection capacity at the low temperature heat exchanger is always significantly lower.
It is particularly low during the taxi and landing phase due to the relatively high ambient
temperature and small convective heat transfer coefficient.

I.2 Effect of high temperature heat exchanger conductance values

Repeating the simulations in the previous Section I.1 with different high temperature heat
exchanger conductance values shows similar qualitative variations. However, it is also
evident from Figure I.3 that increasing conductance has reduced the magnitude of the
variation of the temperature at the surface of the heat dissipating components.

Figure I.3 Heat source temperature for different heater conductance values

For the conductance value of 2500 W/K scenario, the heat source temperature varies by
less than 50 K over the entire flight range, which is most likely close to an ideal thermal
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management performance. The variation of the heat removal capacity is shown in Figure
I.4. In accordance with Equation 4.2, the heat removal rate, 𝑄̇𝐻 is affected by the mass flow
rate of the fuel circulated through the high temperature heat exchanger and the temperature
of the remaining fuel.

Since the tank fuel temperature variation is negligible and the overall mass flow rate is
constant during any given flight phase, the heat removal capacity is virtually independent
of the thermal conductance value during that phase of the flight. This explains that the heat
removal capacity variation curves collapsing into a single line with time variations
duplicating the variation of the heat source temperature (Figure I.3). The latter result could
also be inferred from the Equation 4.3. Unless the generation of the heat varies significantly
during the flight, the magnitude of the variation of the heat removal capacity, is not
practical.

Figure I.4 Heat removal rate for different heater conductance values
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I.3 Effect of low temperature heat exchanger surface area

Different sizes of low temperature heat exchanger surface area are considered and the
sensitivity of the Mode 3 FTMS operation is analyzed for these different cases. It is noted
that the heat rejection capacity varies linearly with the cooler surface area. Figure I.5 shows
that the heat source temperature is initially not sensitive to cooler surface area with
negligible difference between the different cases simulated for the taxi and take-off phases.
The effect of cooler surface area becomes increasingly important during the subsequent
phases of the flight, with a maximum difference in heat source temperature of 40 K at the
end of the cruise phase between the cases with cooler areas of 0.5 m2 and 2.5 m2. The
practical significance of these differences is limited.

Figure I.5 Heat source temperature for different cooler surface areas
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Figure I.6 Heat removal rate for different cooler surface areas

Figure I.6 shows that the heat removal rate has the same qualitative variations as the heat
source temperature, with a sensitivity to the surface area of the cooler being increasingly
pronounced during flight. At the end of the cruise phase of the flight, the heat removal rate
when the surface area is 2.5 m2 is 66 % greater than what would be obtained when the
surface area is 0.5 m2 which is significant.

I.4 Effect of fuel tank heat losses

The effect of heat transfer through the envelope of the fuel tank on the performance mode
3 of FTMS applied to a non-uniform flight profile is investigated in this section. Figures
I.7 and I.8 show that heat loss affects the heat source temperature and heat removal capacity
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in a similar fashion as the surface area change in the cooler (Figure I.5 and I.6) which is as
expected.

Figure I.7 Heat source temperature for different fuel tank heat loss rates

Figure I.8 Heat removal rate for different fuel tank heat loss rates
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In fact, heat rejected by the fuel through the tank skin or wing surface is of the same nature
and the larger the sum of these two parts the better the performance of the FTMS. In
quantitative terms, heat source temperature and heat removal rate are affected by the heat
loss to a greater extent than they were affected by the change in cooler surface area. This
however is due to the nature of the value considered for the cooler surface area and the heat
loss rate from the tank.

I.5 Effect of fuel recirculation rate

Similar to the discussion for Mode 1 (Section 6.2.5) and Mode 2 (Section H.5)
configuration of the FTMS, the sensitivity to the mass flow rate of fuel recirculated through
the low temperature heat exchanger is discussed in this section for FTMS operating in the
Mode 3 configuration. Recirculated flow rate of fuel of 0.01 kg/s, 0.1 kg/s, 1 kg/s and
1.5 kg/s are considered for this analysis. Figure I.9 shows that the temperature at the surface
of the heat dissipating components increases significantly when the recirculation rate
increases during the first two phases of the flight. The principal reason is that the heat
rejection capacity is limited during the taxi phase. A high value of recirculating fuel mass
flow rate just means a return of large amounts of insufficiently cooled fuel to the tank. The
effect of the recirculation fuel flow rate is smaller later into the flight since the ratio of ṁR
/ṁE is smaller. As the heat rejection capacity increases during the subsequent phases of the
flight, a large recirculation rate becomes interesting, allowing a decrease of the fuel
temperature in the tank as well as the temperature the heat dissipating components can be
maintained at. Just before entering into the landing phase, heat source temperature at ṁR =
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1.5 kg/s is 55 K lower than the heat source temperature at ṁR = 0.01 kg/s. This difference
is less critical than the one predicted in the earliest phase of the flight at almost 220K.

Figure I.9 Heat source temperature for different fuel recirculation rates

Figure I.10 Heat removal rate for different fuel recirculation rates
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Figure I.10 also shows that during the taxi phase, the = 1.5 kg/s scenario results in a heat
removal capacity that is an order of magnitude greater than that predicted when using ṁR
= 0.01 kg/s. The combined effect of a high temperature fuel leaving the tank and a high
surface temperature at the heater and large overall mass flow rate value, ṁ1 is a high heat
removal capacity. It is reminded that the heater exit temperature is constant for this FTMS
operation mode. During the super-cruise, combat and landing phases, the heat source
temperature decreases significantly (Figure I.9) and the tank fuel temperature increases
outweighing the effect of the increase of the overall mass flow rate of the fuel. This
decreases the heat removal rate, 𝑄̇𝐻 when the recirculation mass flow rate of fuel increases.
At the end of the cruise phase, it is predicted that, heat removal rate, 𝑄̇𝐻 at ṁR = 1.5 kg/s
is about 60 % smaller than the heat removal rate, 𝑄̇𝐻 at ṁR = 0.01 kg/s. The effect of this
recirculation fuel mass flow rate is therefore not consistent throughout the flight and
investing efforts to design a way of efficiently varying the recirculation fuel mass flow rate
during the flight is justified.

I.6 Effect of different values of heated fuel temperature

Considering that all the results on the parametrical study of the Mode 3 operating condition
of the FTMS were generated for the same value of the heated fuel temperature (𝑇𝐻 =
375 K), it is deemed necessary to verify if the individual conclusions are valid for other
heated fuel temperature values. All other FTMS operation parameters which are kept
constant are summarized in Table I.1. Figure I.11 shows that the temperature at the surface
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of the heat generating components vary in a similar fashion for all the heated temperature
values.

Figure I.11 Heat source temperature for different heated fuel temperatures

The heat source temperature is highest when the prescribed heated fuel temperature is
highest and increments of heated fuel temperature lead to vertical shifts of the heat source
temperature, 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 in the same proportions. While it is possible that the fuel could
withstand this temperature in the range of 𝑇𝐻 = 425 K, it is unlikely that 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 1000 K
is a safe operation condition for the heat generating components of the aircraft.

Finally, Figure I.12 shows that the heat removal capacity has the same qualitative variation
as the heat source temperature (Figure I.11). Increasing the desired heated fuel temperature
by 25 K results in a constant vertical upward shift of the heat removal potential: ∆𝑄̇𝐻 ≈ 475
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kW in the take-off phase, ∆𝑄̇𝐻 ≈ 350 kW in the super-cruise phase and ∆𝑄̇𝐻 ≈ 200 kW in
the combat and cruise phases.

Figure I.12 Heat removal rate for different heated fuel temperatures
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Appendix J
Various cases of recirculation fuel flow rates in uniform flight

In this section of the thesis various cases of recirculation fuel flow rate were simulated in uniform
flight. The values selected ranged from 0.01 kg/s to 1.5 kg/s. Figure J.1 shows the gradual variation
in the heated fuel temperature when the recirculation fuel flow rate was varied. The initial heated
fuel temperature for lower recirculation rate was lower and as the recirculation rate increased the
temperature decreased as was reasoned in Section 6.1.7. This fuel temperature can be seen to
decrease by 5 K for every 0.1 kg/s rise in fuel flow rate from 0.1 kg/s to 0.5 kg/s.

Figure J.1 Various cases of recirculation fuel flow rates in uniform flight
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