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Abstract: A theoretical model for describing the heat transfer characteristics of a turbine-based
combined cycle (TBCC) engine cabin was established in Matlab/Simulink to quickly predict the
thermal protection performance for engine accessories. The model’s effectiveness was verified by
comparing the numerical results with the experimental data. The effects of different heat insulation
layer thicknesses and fuel temperatures on the thermal protection performance are discussed; based
on these effects, the heat insulation layer of 5 mm and fuel of 353 K were chosen to design the thermal
protection cases. Nineteen different thermal protection cases were proposed and evaluated by using
the model. Two representative accessories were chosen for the evaluation of the thermal protection
performance of these cases. For accessory 1 with an internal heat source of 1000 W and internal fuel
access, the thermal protection effect of adding a heat insulation layer and ventilation was the best,
which decreased the accessory temperature by 43 K. For accessory 2 without an internal heat source,
the thermal protection effect of adding a heat insulation layer to the casing and fuel cooling was
the most ideal, which decreased the accessory temperature by 190 K. In addition, a comprehensive
assessment was made to compare the performances of thermal protection cases.

Keywords: thermal management simulation model; thermal protection cases; thermal protection
performance; heat insulation layer; comprehensive assessment

1. Introduction

For hypersonic aircraft, high-speed flight makes the aerodynamic heating effect
on the external surface more severe such that the outer skin has an extremely high
temperature [1-3]. As the aircraft needs to perform more and more diverse tasks, its
electromechanical system becomes increasingly complex, and its power increases signif-
icantly [4,5]. The accessory system of an aircraft is a variety of accessory devices that
are used to ensure its safe and stable operation, which are generally installed near the
casing and are affected by the radiation of the high-temperature casing. They also have a
large internal heating power. This makes the working environment of the accessories very
critical [6]. However, most of the accessories have strict operation temperature limitations,
especially for the electronic components, which makes the integrated thermal management
of the accessories essential [7]. As a typical propulsion system suitable for hypersonic
aircraft, a turbine-based combined cycle (TBCC) engine has a diversified accessory system
that works under complex operation conditions [8,9]. In general, the accessories of a TBCC
engine are very significant to the flight safety of aircraft but must withstand a severe ther-
mal environment. Therefore, it is imperative to study the thermal protection performance
of accessories to ensure their normal operation.

Before taking thermal protection measurements, it is necessary to analyze the heat
transfer characteristics of the accessories in the engine cabin. Liu et al. defined the concept
of a thermal environment accurately and then studied the thermal environment of the
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element components in a high-speed aircraft ramjet’s engine compartment using engi-
neering methods [10]. Meanwhile, Liu et al. numerically simulated the aerodynamic and
thermodynamic performances of an engine cabin and its component accessories; the results
showed that the radiation heat transfer on the accessories has a great influence on the
temperature distribution [11]. Wang et al. analyzed the internal heat transfer law of an
engine cabin and revealed that the heat transfer process of an engine casing wall to the
skin in the engine compartment is a comprehensive heat transfer process. The casing wall
of the engine transmits heat to the inner wall of the skin by means of heat radiation and
convective heat transfer. Furthermore, there are heat radiation and convection heat transfer
processes between the outer wall of the skin and the atmospheric environment [12]. During
the study of heat transfer characteristics, it is essential to take thermal protection measures
to reduce the radiation heat from the casing to the accessories and take the heat in the
accessories away. According to the existing thermal protection system scheme, the thermal
protection system is divided into three categories according to the heat transfer mode,
namely, passive, semi-active and active thermal protection scheme. In passive thermal
protection, flexible fiber insulation felt is a common passive insulation material; it has
the advantages of excellent heat insulation performance, lightweight, easy to bend and
convenient to install. Moreover, phase change materials can also be used in passive thermal
protection, which uses its own heat storage properties to absorb and store heat in the struc-
ture. Xue et al. studied the temperature resistance, elastic properties and heat insulation
properties of flexible fiber insulation felt and showed that the flexible insulation felt has
excellent heat insulation ability [13]. Lin et al. designed an expanded graphite-special
paraffin composite phase change heat sink for the newly developed high-heat consumption
module and the heat dissipation performance was shown to meet the requirements via
simulation and comparison [14]. A convection cooling structure is one method of active
thermal protection, which is designed as a channel or pipeline so that a cooling medium is
allowed to flow in these channels, where heat is carried away by convection heat transfer.
Albeirutty et al. conducted a numerical study on the heat transfer of gas turbines under
different working conditions with air cooling [15]. Eric et al. developed tools and proce-
dures for the numerical dynamic system modeling of a TBCC propulsion system, including
thermal management systems for low-speed and high-speed flow paths [16]. Herschel et al.
established an experimental test bed that was representative of an aircraft fuel thermal
management system to facilitate the verification and evaluation of thermal management
strategies [17]. George et al. designed a flexible fuel system topology, adding a recirculation
tank based on the traditional fuel heat management system for the temporary storage of
hot reflux fuel [18]. Jiang et al. studied the material selection and thermal structure design
of typical passive thermal protection components of engines, such as inlet lip and leading-
edge fuel injection support; developed the thermal structure calculation and evaluation
method of active cooling combustors; and applied the tested thermal analysis program to
the material configuration of active cooling combustors [19].

The above work on the engine compartment’s heating environment analysis and the
study of thermal protection was generally focused on a single component using three-
dimensional simulation or experimental research [20,21]. In the early stage of aircraft
design, rapid evaluation of multiple cases within a short period is crucial for aircraft design
and optimization [22]. However, fast system simulation studies of combined thermal
protections for the accessories in the engine cabin are scarce. Therefore, this study aimed
to establish a rapid computational model to evaluate the performance of different ther-
mal protection cases for typical TBCC engine accessories. Simulink was chosen as the
modeling environment due to its advantages of wide adaptability, clear structure, precise
simulation and high efficiency. This modeling tool is not only expedient for modeling
but is also convenient for modifying the system for new conditions and is very efficient
regarding simulation calculations, and thus, it is widely used. Brian et al. proposed a
general co-simulation method based on Matlab/Simulink, which supports multi-mode
simulation of distributed models using an integrated architecture [23]. Yang et al. estab-
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lished a simulation platform of the fuel system of a certain type of aircraft in the Simulink
environment, analyzed its working principle for different working conditions and designed
the working mode of each subsystem [24]. Fadel et al. dealt with the motion control
of an aircraft-integrated electro-hydraulic servo-actuator (ISA) via the development of a
detailed nonlinear mathematical model and a computer simulation program using the
Matlab/Simulink package [25]. The model established in Simulink in this study can be
used to conduct lots of design calculations to optimize the design of the whole in-cabin
accessory thermal management system of a TBCC engine in its early stage.

2. Simulation Model and Method
2.1. Physical Model and Mathematical Model

The schematic diagram of the physical model in the TBCC engine cabin is shown
in Figure 1, which is separated into the turbine engine cabin and ramjet engine cabin by

a metal baffle in the middle; the accessories located around the two engine casings are
also shown.

Engine Casing Aircraft Skin

Engine Casing Engine Accessory Aircraft Skin

Figure 1. Structure of the engine cabin and accessories.

The layered structure along the radial direction of the engine compartments is shown
in Figure 2. The top solid line and the solid bottom line represent the outer skin of the
aircraft, the solid middle line represents the metal baffle and the solid red line represents
the engine casing. Accessories were located between the engine casing and the wall. The
air in the cabin was circulated in the engine compartment passage to maintain the normal
ambient temperature required for the work of the accessories, and at the same time, to take
away the heat emitted by the casing, the heat emitted during the work of the accessories
and the aerodynamic heat imported from the skin into the cabin.

Aircraft Skin

b Cooling Air

) Hot Gas

Engine Casing

Engine Casing

[==) Cooling Air Q |_|

Baffle

== Cooling Air Engme Accessory

,i

Engine Casing

[ Hot Gas
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ﬁ Cooling Air | | | _|
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Figure 2. Schematic diagram along the radial direction of engine compartments.
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According to its physical model, the heat transfer process was analyzed based on
the heat transfer principle. The engine compartment between the casing and the skin
was analyzed and the heat transfer process between various components was obtained,
as shown in Figure 3. The accessories were mainly subjected to radiation heat transfer
from the casing and the skin, convection heat transfer with the air in the cabin and heat
generation by themselves. When conducting the thermal protection of accessories to control
their temperature, the commonly used thermal protection measures can be divided into
active cooling, semi-active cooling and passive cooling according to the method of heat
transfer. In the active cooling case, most of the heat is taken away by the cooling fluid,
and thus, the heat cannot be transmitted to the next layer of the structure. Therefore,
the accessories can be cooled by fuel to take away the heat of the accessories. In passive
cooling, heat is absorbed or radiated out through the surface, and no additional heat sink is
needed to remove the heat. Therefore, a heat insulation layer of aluminum silicate fiber was
considered to be laid on the surface of the high-temperature wall and accessories to reduce
the radiation heat transfer to the accessories from the surrounding high-temperature wall.
In addition, a kind of paraffin phase change material could be laid on the surface of the
accessories to absorb the heat generation inside.

Engine
4 Casing
Radiation Heat
Heat Transfer Convection
dhins Air
Radiation
Heat Transfer
Heat
Convection
Radiation Heat
Heat Transfer §  Convection Aireraft
f ¥ Skin

Radiation Heat Transfer and
Heat Convection With the Outer Environment

Figure 3. Heat transfer process analysis of various components in a TBCC engine cabin.

The heat transfer of accessories involving the primary status of thermal environment
parameters includes the related parameters of the air (temperature, density, velocity, etc.),
the wall’s parameters (temperature, surface emissivity, etc.) and the internal heat. The
parameters here were the state parameters of four parts: the skin surface, casing wall, cabin
air and the internal heat generation of the accessories.

Therefore, in transient conditions, the temperature of the engine casing, skin, cooling
airflow and accessories could be calculated using a lumped heat capacity method, namely,
the following general formula:

dT . .
(PCV)E = ZhA (T - Tf) + Z Qinner + Z Qrad + MinCin Tin — MoutCout Tout (1)

Epp —Ep @

Qrud - 1—¢ 1 1—¢p
e14q + A1 X1y + Ay

where (pcV)% is the energy change in the component in unit time, hA (T - Tf> is the
convective heat transfer between the component and the fluid including air and fuel, Q;y;er
is the internal heat source of the component, Q,,4 is the radiation heat transfer between
the component and the surrounding parts, 11;,cin Tin is the energy entering the component,
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MoutCout Tout is the energy going out of the component, p is the density, c is the specific
heat capacity, V is the volume, / is the convective heat transfer coefficient on the surface,
A is the surface area, Ty is the fluid temperature, Qjyyr is the inner heat source of the
component, Q,,; is the radiation heat transfer, #;,cinTin is the energy flowing into the
system, MoutCout Tout i the energy flowing out of the system, Ej, is the emissive power and
¢ is the emissivity.

2.2. Simulation Model and Boundary Conditions

Because the casing temperatures of the different engine cabins along the axial location
differ a lot, in order to give the boundary conditions of the simulation calculation more
accurately, the simulation model was divided into 7 sections with the node partition as
shown in Figure 4, along with each turbine and ramjet node, including walls, middle baffle,
cabin air, engine casing and accessories.

Turbine Engine | Turbine Engine | Turbine Engine | Turbine Engine | Turbine Engine | Turbine Engine | Turbine Engine
Node 1 Node 2 Node 3 Node 4 Node 5 Node 6 Node 7
Baffle Node 1 | Baffle Node 2 | Baffle Node 3 | Baffle Node 4 | Baffle Node 5 | Baffle Node 6 | Baffle Node 7
Ramjet Engine | Ramjet Engine | Ramjet Engine | Ramjet Engine | Ramjet Engine | Ramjet Engine | Ramjet Engine
Node 1 Node 2 Node 3 Node 4 Node 5 Node 6 Node 7

Figure 4. Node division.

In this study, Simulink, which is a dynamic simulation tool, was selected as the mod-
eling environment for the integrated thermal management system of the TBCC engine
cabin components. Moreover, an integrated simulation module for the integrated thermal
management system of the TBCC engine components was established, as shown in Figure 5.
In the simulation system’s overall encapsulated interface, users can set up the joint param-
eters, such as the environmental temperature and the initial temperature of the turbine
cabin. For each section of the cabin-encapsulated interface, the corresponding geometric
parameters and the corresponding thermal protection methods for the engine casing, skin
and accessory can be set up. The aluminum silicate fiber layer, which has a low thermal
conductivity, was considered to be put on the surface of the casing/baffle/accessories.
Furthermore, air and fuel were the two main heat sinks in the engine, and thus, ventilation
cooling and fuel cooling methods were chosen to cool the components. A kind of paraffin
wax phase change material was used to absorb and store heat in the accessories. The
corresponding thermal protection methods are shown in Table 1.
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Figure 5. Simulation model of the accessory thermal protection cases.
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Table 1. Thermal protection method for each component.

Component Thermal Protection Method
Engine casing Adding heat insulation layer (aluminum silicate fiber layer)
Baffle Adding heat insulation layer (aluminum silicate fiber layer)
Accessory Adding heat insulation layer (aluminum silicate fiber layer)

Adding phase change material (paraffin wax)
Ventilation cooling
Fuel cooling

After the one-dimensional simulation model was established, the simulation calcula-
tion in the typical working conditions shown in Table 2 was carried out. WL represents the
turbine engine casing, CY represents the ramjet engine casing and the ambient temperature
was 300 K. The initial temperature of the accessories, baffle and other walls was 300 K.

Table 2. Temperature distribution on the casing surface.

Casing Section Casing Temperature (K) Casing Section Casing Temperature (K)
WL-1 467 CY-1 680
WL-2 526 CY-2 680
WL-3 564 CY-3 680
WL-4 582 CY-4 680
WL-5 605 CY-5 680
WL-6 619 CY-6 680
WL-7 619 CY-7 680

3. Verification of the Model

The effectiveness of the simulation model was verified using the designed test bed
below. The temperature increase of the accessory without thermal protection was experi-
mentally studied, and the effect of the heat insulation layer on the accessory surface was
verified. The reliability of the simulation model was verified using a data comparison.

3.1. Experimental System

The experimental system schematic diagram is shown in Figure 6. It heated the engine
casing in each section to simulate the temperature distribution of a typical working condition
of an actual engine in the process of an aircraft flight. The temperature acquisition and control
system was used to collect temperature information and adjust the input voltage of the heating
system so that the heating power of the heating system and the heat flux density on the casing
surface were controlled to realize the segmented temperature control of the casing.

Data Acquisition

Engine Cabin
Accessory
Engine Casing
L—L’—J | I
Data Acquisition Data Acquisition l l l l l l l
Instrument
Temperature| |Heating Control
signal input signal output
T e Heating =
eg.p exia s Temperature il Signal
1spay Control Processor
Temperature acquisition
and control system

Figure 6. Experimental system schematic diagram.
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The experimental platform is shown in Figure 7. The whole experimental system con-
sisted of two parts: the engine cabin simulation test platform and the high-temperature fuel
test platform. The engine cabin simulator consisted of the engine cabin model test pieces,
temperature control system, temperature signal acquisition system, thermal protection
structure and so on. The test parts of the engine cabin model were designed according to
the simplified engine model. The complicated small parts were simplified properly under
the condition that the overall structure remained unchanged, i.e., the heat transfer and
temperature field distribution in the cabin were not affected. Furthermore, the piping,
wiring and other components arranged in the cabin were ignored. According to the surface
temperature distribution of the casing along the axial direction, the original engine casing
was divided into six sections, each with its own separate heating device. The separate
temperature control for the heating device adopted a caterpillar ceramic heater. The ceramic
bead decorated on the outside of the heating wire in the caterpillar shape can make the
heating wire evenly distributed on the surface casing to not only ensure the uniformity of
heating but also provide the effect of insulation. The accessories were designed according
to the real structure and were arranged on the outside of the casing after scaling according
to the spatial layout of real engine accessories and connected with fixed columns.

Turbine Engine

Ramjet Engine Fuel Heat Exchange
Flow Line

Figure 7. Experimental platform.

The temperature control system on the casing surface, which consisted of a distribu-
tion box, crawler ceramic heater, relay, power supply, temperature control thermocouple,
temperature acquisition device and the temperature control logic, is shown in Figure 8. In
the experiment, a K-type thermocouple was used to measure the temperature data and the
thermocouple itself had an error of 1%.

The temperature on the casing surface was fed back to the computer control software
through the four temperature control thermocouples embedded on the casing surface
(taking the average value) and the temperature acquisition equipment. The temperature
control module was operated on the temperature control software to adjust the output
percentage of the control cabinet to control the tracked ceramic heater’s heating power in
order for the engine casing surface temperature to reach the rated preset temperature. The
temperature control system consisted of six channels corresponding to six heating segments
in the casing. Two temperature measuring points were arranged on each accessory’s surface;
they were distributed on the side near the casing and the side away from the casing. During
the experiment, temperatures were collected on the side near the casing and the side away
from the casing.
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Figure 8. The temperature control logic.

3.2. Experimental Validation of the Model

The temperature variation of the accessories with time obtained using one-dimensional
simulation and under experimental conditions are shown in Figures 9 and 10. Figure 9 is the
results comparison of the turbine engine accessories between the simulation and experiment
in the two different conditions: without any thermal protection and with a heat insulation
layer (HIL) of 4 mm on the accessories. Figure 10 is for the ramjet engine accessories. In
the two pictures, with the accumulation of heat, the accessory temperature rose higher
and higher, and the accessory temperature simulation value trend was consistent with the
experimental values. Moreover, at first, the temperature of the accessories rose quickly
because the temperature differences between the accessories and the casing were large.
With the temperature rise of the accessories, the temperature differences decreased such
that the heat transfer was reduced and the temperature rise of the accessories became
slower. For the accessory of the turbine engine with no thermal protection, the final
experiment and simulation temperatures were 504 K and 486 K, respectively, and the
deviation between them was 18 K, i.e., 3.7%. For the accessory of the ramjet engine with
heat insulation layer, the final experiment and simulation temperatures were 501 K and
481 K, respectively, and the deviation between them was 20 K, i.e., 4.1%. For the accessory
of the ramjet engine with no thermal protection, the final experiment and simulation
temperatures were 591 K and 552 K, respectively, and the deviation between them was
39 K, i.e.,, 7.1%. For the accessory of the ramjet engine with heat insulation layer, the
final experiment and simulation temperatures were 587 K and 563 K, respectively, and
the deviation between them was 24 K, i.e., 4.2%. Therefore, it can be considered that
the calculation results of this model were valid. The main reason for the errors was the
accuracy of the measuring equipment. In the experiment, the K-type thermocouples that
were used to measure the temperature data had an error of 1%. Based on the above results,
the temperature distribution of accessories with different thermal protection measures can
be further explored to obtain a variety of thermal protection cases.
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Figure 9. Comparisons between the experimental results and the numerical results for an accessory

in the turbine engine.
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Figure 10. Comparisons between the experimental results and the numerical results for an accessory

in the ramjet engine.

4. Results and Discussions
4.1. Design of Different Thermal Protection Cases

The design of thermal protection cases aimed to control the temperature of the acces-
sories below the following limits: 393 K for an accessory in the turbine engine and 423 K
for an accessory in the ramjet engine. According to the analysis of cabin structure and heat
transfer process, it is necessary to reduce the heat radiation of high-temperature casing and
baffle to the accessories and take away the inner heat of accessories in order to control the
temperature of the accessories. In terms of the thermal protection method for each com-
ponent in Table 1, 19 thermal protection cases listed in Table 3 were set in the established
one-dimensional simulation model, and the turbine engine accessory 1 with an internal
heat source of 1000 W and the ramjet engine accessory 2 without an internal heat source
were selected for analysis. In the table, N means no thermal protection measure, PCM is
the shortage of the phase change material, VC is the shortage of ventilation cooling, FC is
the shortage of fuel cooling and A2 means accessory 2. Regarding the thermal protection
measures, the heat insulation layer was 5 mm of aluminum silicate fiber, and the phase
change material wrapped in the accessories was 5 mm of paraffin wax. When there was no
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thermal protection, the temperature of accessory 1 was 413 K and that of accessory 2 was
578 K.

Table 3. Integrated thermal protection cases.

Engine Casing Baffle Accessory 1 Accessory 2

Casel N N HIL HIL
Case2 N N PCM PCM
Case3 N N vC vC
Case4 N N N FC
Caseb HIL N N N
Case6 HIL N HIL HIL
Case? HIL N PCM PCM
Case8 HIL N vC vC
Case9 HIL N N FC
Casel0 N HIL N N
Casell N HIL HIL HIL
Casel2 N HIL PCM PCM
Casel3 N HIL vC vC
Casel4 N HIL N FC
Casel5 HIL HIL N N
Casel6 HIL HIL HIL HIL
Casel?7 HIL HIL PCM PCM
Casel8 HIL HIL vC vC
Casel9 HIL HIL N FC

4.2. Impact of Different Thermal Protection Conditions on the Thermal Protection Effect
4.2.1. The Influence of Different Thicknesses of Heat Insulation Layers for the Casing on
the Temperatures of the Accessories

According to the thermal resistance method for heat conduction, the thickness of the
heat insulation layer of the casing is proportional to the thermal resistance between the
casing surface and the outer radiant surface of the casing. The greater the thickness of
the heat insulation layer, the greater the thermal resistance could be, and the more the
temperature of the outer radiant surface could decrease compared with the original casing
surface. Heat insulation layer thicknesses of 0 mm, 3 mm, 6 mm, 9 mm and 12 mm were set
for the calculation to make comparisons. The temperatures of accessory 1 and accessory 2
obtained are shown in Figures 11 and 12, respectively.

440 T T T T T T

Temperature(K)
w
(2]
o
T

340 ——O0mm |
—3mm
320 - G ]
55 ; “9mm
- 12mm
280 1 1 L 1 L 1 L 1 L 1 5 1 1
0 1000 2000 3000 4000 5000 6000 7000

Time(s)

Figure 11. Temperature of accessory 1 when adding a heat insulation layers of different thicknesses
to the casing.



Energies 2023, 16, 2713

11 0f 22

640 T T T T T T T T v T g T
600 - o
560

520

E
= o
S S

Temperature(K)
'
(=]
(=]

360
320

280 — 6mm |
— 9mm

20 _ 12mm |

200 I 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000

Time(s)

Figure 12. Temperature of accessory 2 when adding heat insulation layers of different thicknesses to
the casing.

As can be seen from Figures 11 and 12, the greater the insulating layer thickness, the
better the heat insulation effect, but for accessory 1 with an internal heat source, when
adding an equal thickness of the heat insulation layer, the accessory temperature drop was
significantly less than accessory 2 with no inner heat source. For example, adding a 3 mm
heat insulation layer caused the final temperature of accessory 1 to fall by 20 K, and the
final temperature of accessory 2 was reduced by about 100 K. Meanwhile, it was found
that with the further thickness increase in the heat insulation layer, the descent rate of the
accessory temperature reduced. For example, for accessory 2, when the insulation layer
thickness increased from 0 mm to 3 mm, the final accessory temperature decreased by
100 K, and when the thickness increased from 3 mm to 6 mm, the accessory temperature
decreased only by 40 K. According to the final temperature with each thickness, the heat
insulation layer of 5 mm was chosen in the integrated thermal protection measures.

4.2.2. The Influence of Different Fuel Temperatures on the Temperatures of the Accessories

For accessory 1, with its fuel passing itself, the temperature of the accessory changed
with the different temperatures of the fuel. As for accessory 2, there’s no fuel flowing
through it, but it was in a relatively severe thermal environment, and the temperature of
the accessory could be greatly reduced by using fuel cooling. Figures 13 and 14 show the
temperature distribution of accessory 1 and accessory 2 with fuel temperatures of 300 K,
320K, 340 K, 360 K and 380 K. It can be concluded that for both accessories, the temperature
of the accessories was tightly correlated with the fuel temperature. Moreover, in the
temperature between 340 K and 360 K, the temperature of both accessories maintained a
lower level below 430 K; considering the actual situation of the engine, the fuel temperature
of 353 K was chosen to cool the accessories.

4.3. Analysis and Comparison of the Thermal Protection Cases
4.3.1. Effect of a Single Thermal Protection Measure

Regarding only taking a single thermal protection measure, including adding a heat
insulation layer to accessories (case 1), adding phase change materials to accessories
(case 2), ventilation cooling (case 3), fuel cooling for only accessory 2 (case 4), adding a
heat insulation layer to the engine casing (case 5) or adding a heat insulation layer to the
baffle (case 10), the temperature distribution of accessory 1 and accessory 2 are shown in
Figures 15 and 16, respectively.
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Figure 13. Temperature of accessory 1 with different fuel temperatures.
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Figure 14. Temperature of accessory 2 with different fuel temperatures.
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Figure 16. Temperature of accessory 2 with a single thermal protection measure.

For the turbine engine’s accessory 1 with internal fuel access and an internal heat
source, the effects of case 3 (ventilation cooling) and case 5 (adding heat insulation layer to
the casing) were better, and the temperature of accessory 1 could be kept at a relatively low
level. In case 2, the temperature of accessory 1 could be kept at a lower level between 0 and
3000 s by laying phase change material on the accessory because the latent heat of the phase
change material was substantial and could effectively absorb the heat of the accessory.
At the same time, for case 10, when adding a heat insulation layer to the baffle, the layer
with low thermal conductivity blocked the heat transmission from the ramjet engine to
the turbine engine with a lower temperature so that the temperature of the ramjet engine
accessory was higher than that without the heat insulation layer to the baffle, and the
temperature of the turbine engine accessory was correspondingly reduced. Furthermore,
the following conclusions were drawn from the different effects of adding a heat insulation
layer to the casing on accessory 1 and accessory 2. For accessory 1 in the turbine engine,
the heat not only came from the radiation heat transfer of the casing but also from its own
internal heat production; for accessory 2 in the ramjet engine with no inner heat source, the
heat came from the radiation heat transfer of the high-temperature casing only. Therefore,
the effect of the heat insulation layer for the casing was more significant, and the accessory
temperature decreased more for accessory 2.

Therefore, when only a single insulation measure was taken, adding a heat insulation
layer to the casing achieved a better thermal protection effect for both accessories, while
the effect of adding a heat insulation layer to the baffle was not good and would bring
extra weight. Because the high-temperature casing was the main heat source for the
accessories, adding a heat insulation layer could decrease the radiation heat from the casing
effectively. For accessory 2 without an internal heat source, the effect of fuel cooling was
very significant, but in a practical application, this will involve the design of a fuel passage
inside the accessory and another auxiliary power unit.

4.3.2. Effect of Combined Thermal Protection for the Casing and Accessory

As the thermal radiation of high-temperature casing is one of the main sources of
the heat of accessories, to improve the thermal environment of accessories and reduce the
temperature of accessories, heat insulation materials with low thermal conductivity can
be added to the casing. Thermal protection measures can also be applied to the accessory
simultaneously. The diagram of the combined thermal protection for the casing and the
accessory is shown in Figure 17 and the corresponding solution was the following: case 6,
case 7, case 8 and case 9. Meanwhile, case 5 with a heat insulation layer on the casing



Energies 2023, 16, 2713

14 of 22

Thermal protection
for the accessory

only was selected to compare the effects of the combined thermal protection for the casing
and accessories.

Thermal protection
for the casing

Figure 17. The diagram of the combined thermal protection for the casing and the accessory.

The temperature change of accessory 1 over time in cases 5-8 is shown in Figure 18.
Case 8 (adding a heat insulation layer to the casing and ventilation cooling simultaneously)
had a better effect. This was because the heat-insulating layer on the surface of the casing
first reduced the lateral temperature, which radiated to the accessory, and ventilation
cooling could take away part of the heat of the surface outside the casing, further reducing
the outside surface temperature. In addition, ventilation cooling could directly take away
the heat of the accessories through convection heat transfer, thus reducing the temperature
of the accessories. Comparing case 5 and case 8 showed that further ventilation cooling
could reduce the temperature of accessory 1 with an internal heat source by 20 K. In
addition, the thermal protection effect of case 7 was also very valid, and the temperature of
accessory 1 could be maintained at a low level for the time of 0-3000 s. By comparing case
5 and case 6, it was found that due to the internal heat source of accessory 1, the effect of
adding a heat insulation layer to the accessory was not so obvious on the basis of adding a
heat insulation layer to the casing.
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Figure 18. Temperature of accessory 1 when the casing and accessory were thermally protected.

The temperature changes of accessory 2 over time in cases 5-9 are shown in Figure 19,
in which the effect of adding an insulation layer to the casing and fuel cooling simultane-
ously was the best. This was because, in the case of no inner heat source, fuel cooling could
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take away the heat in the accessory via heat convection. Moreover, because of the high
heat capacity of the fuel, in the process of heat convection, the fuel temperature rise was
prolonged, which caused the temperature difference of the heat convection to maintain a
higher level such that a large amount of heat could be taken away by the heat convection
between the fuel and the accessories. By comparing cases 5 and 6, it was found that since
there was no internal heat source in accessory 2, heat insulation for accessory 2 could reduce
the transfer of radiated heat from the casing to the interior of the accessory, thus reducing
the overall temperature of the accessory. By contrasting cases 6 and 7, it was found that
because the heat insulation of the casing reduced the radiation to the accessory, attaching a
phase change material at the same time could achieve a good effect on temperature control
to keep the accessory at a lower temperature for more extended periods and make the final
temperature of the accessory lower compared with adding heat insulation layer not only to
the casing but also to the accessory.
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Figure 19. Temperature of accessory 2 when the casing and accessory were thermally protected.

According to the analysis, for accessory 1 with an internal heat source, adding the
heat insulation layer to the casing and ventilation cooling simultaneously had the most
significant effect, and thus, the thermal protection case can be given priority when the
cold air is sufficient. In addition, the case that involved adding a heat insulation layer and
putting phase change material on the accessory had a relatively good thermal protection
effect and can keep the accessory at a low working temperature for a longer time. For
accessory 2 without an internal heat source, the effect of adding a heat insulation layer to the
casing and fuel cooling simultaneously was the most significant, followed by adding a heat
insulation layer to the casing and ventilation cooling simultaneously. Moreover, adding a
heat insulation layer and putting phase change material on the accessory simultaneously
also had a relatively good thermal protection effect.

4.3.3. Effect of Combined Thermal Protection for the Baffle and Accessory

The diagram of the combined thermal protection for the baffle and the accessory is
shown in Figure 20. The temperature change of accessory 1 over time in cases 10-13 is
shown in Figure 21. It can be seen that the overall thermal protection effect of adding a
heat insulation layer to the baffle was worse than that of the casing. The temperature of
accessory 1 when only adding the heat insulation layer to the baffle reached 405 K, while
adding the same to the casing was 390 K; this was because the thermal radiation from the
casing was one of the primary sources of the accessory and the heat and thermal protec-
tion from the main heat source allowed for controlling the temperature of the accessory
more effectively.
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Figure 20. The diagram of the combined thermal protection for the casing and accessory.
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Figure 21. Temperature of accessory 1 when the baffle and accessory were thermally protected.

By contrasting cases 11 and 12, it can be seen that the temperature of accessory 1 was still
relatively high with a heat insulation layer on the baffle, and adding phase change material to
the accessory in the meanwhile could maintain the accessory temperature at a lower range
during 0-5000 s than adding a heat insulation layer to the accessory. By contrasting cases 12
and 13, it was found that adding a phase change material to the accessory in the meanwhile
could make the temperature of the accessory lower from 0 to 3000 s, but it is better to use
ventilation if the temperature is to be kept at a lower level during the whole flight.

The temperature distribution of accessory 2 in cases 10-14 is shown in Figure 22. It
can be seen that because the temperature of the ramjet engine casing was higher when
only adding the heat insulation layer to the baffle, the accessory temperature remained at
high levels such that accessory 2 cannot undertake its normal work. Thus, an additional
measure was taken, however, only fuel cooling at the same time could keep the accessory
temperature at alower level. Therefore, the combined measures of taking thermal protection
for the baffle and accessory simultaneously did not apply to accessory 2.

4.3.4. Effect Comparison of Combined Thermal Protection for the Casing, Baffle
and Accessory

The diagram of combined thermal protection for the casing, baffle and accessory is
shown in Figure 23. The temperature distribution with time for accessory 1 in cases 15-18 is
shown in Figure 24. It can be seen that the temperature of accessory 1 could be kept at a lower
level when the casing, baffle and accessory were receiving thermal protection simultaneously.
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Adding a heat insulation layer to the casing and ventilation cooling simultaneously has the
best effect. By comparing cases 16 and 17, it was found that adding phase change material to
the accessory could keep the temperature of the accessory at the lowest level between 0-3000 s
in these cases, and the final temperature when adding phase change material to the accessory 1
was almost the same as adding a heat insulation layer to accessory 1. This indicates that better
thermal protection could be achieved by adding phase change materials to accessories under
the condition that both the casing and baffle had added heat insulation layers.

600 T T T T

T = § X T n T

550

w

[=3

o
T

S

<

(=}
T

Temperature (K)
w e
o (=1
o (=]
T

case 10

case 11
G case 12
case 13
250 b
| case 14
200 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000

Time (s)

Figure 22. Temperature of accessory 2 when the baffle and accessory were thermally protected.
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Figure 24. Temperature of accessory 1 when the casing, baffle, and accessory were thermally protected.
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The temperature distribution with time for accessory 2 in cases 15-18 is shown in
Figure 25. By comparison, it was further confirmed that adding a phase change material
to the accessory had better thermal protection than adding a heat insulation layer to
the accessory under the circumstance that both the casing and baffle had an added heat
insulation layer. Under this circumstance, the thermal protection effect of fuel cooling was
poor because the temperature difference between the fuel and accessory 2 was smaller such
that the surface convection heat transfer of the fuel and accessory 2 was reduced.
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Figure 25. Temperature of accessory 2 when the casing, baffle and accessory were thermally protected.

4.3.5. Comparison of All Cases

The performance of the thermal protection was directly related to the final temperature
of the two accessories. Furthermore, the impact on the flight performance of thermal
protection systems also needed to be measured. Therefore, the total system take-off weight
method [26] was adopted, in which the penalty to flight performance was equivalent to
the take-off fuel weight. Based on the penalty sources listed in Table 4, the fuel weight
penalties of all cases were calculated. The design variable numbers of the different concepts

are given in Table 4. The accessories’ final temperature and fuel weight penalties for all
cases are shown in Table 5.

Table 4. Penalty sources and equations.

Penalty Source Take-Off Fuel Weight
Fixed weight Wfix—weight = (exp(%) —1)Wr
Ram air Wra = (exp(%) - 1)L{TDwrv
Bleed air Woteea = 0.0186(exp(SF7) 1) ot (a0t ws
Shaft horsepower extraction Whorsepower = (exp( (Sf/cl))”'t) -1) (SLF/CD),h P(SFC) p

Wix—weignt 1S the penalty caused by an added fixed weight, kg; (SFC),, is the specific
fuel consumption for thrust, kg/(h - daN); L/ D is the lift/drag ratio; t is the time, h; Wr is
the weight of the system, kg, including the weight of heat insulation layer, phase change
material and fuel power devices; W4 is the penalty caused by the ram airflow, kg; w, is
the mass flow of air, kg/s; v is the flight speed, m/s; Wye,4 is the penalty caused by the
bleed airflow, kg; T}y, is the turbine inlet temperature, K; wy, is the mass flow of bleed air,
kg/h; Whorsepower is the penalty caused by shaft horsepower extraction, kg; (SFC )p is the
specific fuel consumption for power, kg/ (h - kW); P is the power being consumed, kW [26].
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Table 5. Integrated thermal protection calculation results and consumption.

Temperature of Accessory1l  Temperature of Accessory2  Added Fuel Penalty

(K) (K) (kg)
Casel 402 524 0.02103
Case2 406 523 0.06308
Case3 385 505 35.75
Case4 402 422 3.819
Caseb 390 452 0.4832
Caseb 387 430 0.5042
Case?7 387 413 0.5462
Case8 371 390 36.24
Case9 390 387 4.302
Casel0 404 580 0.1264
Casell 398 530 0.1474
Casel2 401 530 0.1895
Casel3 383 509 35.88
Casel4 404 425 3.945
Casel5 388 455 0.6096
Casel6b 385 433 0.6306
Casel? 386 416 0.6727
Casel8 370 391 36.36
Casel9 388 388 4.428

The temperature drop compared with the temperature of accessory 1 and accessory 2
without thermal protection and the derivative of the fuel weight penalty of each case
are shown in Figure 26. The larger the temperature drop and the derivative of added
fuel weight, the better the thermal protection effect of the case. It was found that for
accessory 2 without an internal heat source and no fuel passage, the effect of case 19
(adding a heat insulation layer to the casing and fuel cooling simultaneously) was the best,
followed by case 18 (adding a heat insulation layer to the casing and ventilation cooling
simultaneously). Under the circumstance of adding a heat insulation layer to the casing, the
effect of case 6 (adding phase change materials to the accessory simultaneously) was better
than case 5 (adding a heat insulation layer simultaneously). Moreover, adding thermal
protection measures to the casing and accessories at the same time not only provided a
good protection effect but also added less weight compared with adding thermal protection
for the casing, baffle and accessories. In the case of thermal protection for the casing and
accessories at the same time, for accessories with an internal heat source and fuel access,
the effect of case 18 (adding a heat insulation layer to the casing and ventilation cooling
simultaneously) was the best, followed by case 6 (adding a heat insulation layer to the
casing and accessories with a phase change material). Furthermore, the active cooling
mode including ventilation and fuel cooling had better cooling performance but added a
higher fuel weight penalty.

Based on the above analysis, case 18 and case 19 had better thermal protection per-
formance. In addition to the temperature drop and the added fuel penalty, the cases
could also be assessed using the temperature margin; utilization efficiency of cold sources,
including cold air and fuel; and the additional expenditure, as shown in Figure 27. The
temperature margin was the difference between the allowable and actual temperature.
Energy utilization was the ratio of the heat taken away by the cold source to the cooling
capacity. Moreover, the expenditure included the material cost and processing charge.
It can be seen that case 18 had a larger temperature margin and less expenditure; how-
ever, its added fuel penalty was bigger and its energy utilization of cold air needed to
be improved.
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Figure 26. Thermal protection effect comparison of all cases.
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Figure 27. The comprehensive assessment of case 18 and case 19.

5. Conclusions

A rapid simulation model of a TBCC engine cabin was established and validated via
an experiment, and 19 different thermal protection cases were proposed and calculated
in a specific working condition using the model. The turbine engine accessory 1 with an
internal heat source of 1000 W and an internal fuel flow and a ramjet engine accessory 2
with no internal heat source were selected to analyze the thermal protection effects of these

cases. The results show the following:

(1) A rapid simulation model was established and the results comparison of accessories
between the simulation and experiment was made in the two different conditions:
without any thermal protection and adding a heat insulation layer (HIL) of 4 mm to
the accessories. The largest deviation between the simulation and experiment results

was 7.1%.



Energies 2023, 16, 2713 21 of 22

(2) Based on this, this article also discusses the thermal protection effects of different heat
insulation layer thicknesses and the fuel temperatures based on their calculation and
analysis. The heat insulation layer thicknesses of 5 mm and the fuel temperature of
353 K were finally chosen regarding the thermal protection measures.

(38) For accessory 1 with an internal heat source of 1000 W and internal fuel access, the
thermal protection effect of adding a heat insulation layer and ventilation was the
best, which caused the temperature of accessory 1 to decrease by 43 K.

(4) For accessory 2 without an internal heat source, the thermal protection effect of adding
a heat insulation layer to the casing and fuel cooling simultaneously was the most
ideal, which caused the temperature of accessory 2 to decrease by 190 K. Moreover, the
effect of adding a heat insulation layer to the casing was more significant in accessory
2 without an internal heat source.

(5) Case 18 and case 19 were assessed in terms of the temperature drops of the two
accessories; added fuel penalty; temperature margin; utilization efficiency of cold
sources, including cold air and fuel; and the additional expenditure. Case 18 had a
larger temperature margin and less expenditure, but its energy utilization of cold air
needs to be improved.

In general, the simulation model of the TBCC engine cabin established here was con-
venient for analyzing the performance of a thermal protection system for the accessories of
a TBCC engine. It was integrated with a variety of thermal protection methods compared
with previous studies and the temperature of accessories could be controlled by the com-
bination of thermal protection methods to keep the normal operation of the engine in a
specific working condition. Moreover, these thermal protection cases were estimated with
a comprehensive assessment. Furthermore, the model can also be extended to explore the
performance of a thermal protection system for the accessories in different flight conditions
in a follow-up study.
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