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ARTICLE INFO ABSTRACT

Handling editor: Ruzhu Wang Efficient thermal management systems (TMS) are crucial for advanced aerospace vehicles to handle the increased
thermal loads from engine combustion and aerodynamic heating. Aero-engine TMS are uniquely characterized

Keywords: by their high compactness, reliability, and stringent safety requirements. This study proposes a multilevel heat

Thermodynamic system exchange system using endothermic hydrocarbon fuel, air, and high-pressure water. An experimental platform
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Experimental analysis
Aero engine

Energy flow model

was constructed to analyze the effects of mass flow rates and inlet temperatures on the system’s thermodynamic
characteristics. Thermal management strategies were developed to optimize these parameters, significantly
reducing thermal loads during high-speed flight and enhancing system efficiency and safety. Results indicate that
variations in thermal energy input to a heat exchanger on one branch have a limited impact on another branch.
The fuel mass flow rate can modulate the temperature of all working fluids in the system, but it also affects
combustion characteristics. A transfer matrix-based system model with high accuracy was established, coupled
with a genetic algorithm to achieve holistic identification of the heat exchanger heat transfer characteristics in
practical applications, achieving a maximum parameter deviation of —4.79 %. The results contribute to opti-
mizing TMS for aero engines, improving thermal stability, and enhancing energy utilization efficiency.

Nomenclature (continued)
T temperature [°C]
A heat transfer area of HEX [m?] AT, logarithmic mean temperature difference [°C]
a calculation coefficient, a = 1/RGy Greek symbols
b calculation coefficient, b = 1/RG, A Difference
[ isobaric specific heat capacity [J/(kg-K)] I3 Distribution ratio of water flow in system branches [%]
d hydraulic diameter [mm] Subscripts
f calculation coefficient, f = (mcp)4/[(mc,)4+(mcp)s] 1 HEX-1
G heat capacity flow rate 2 HEX-2
h heat transfer coefficient [W/ (mZ-K)] 3 HEX-3
K overall heat transfer coefficient [W/ (mz-K)] a air
KA thermal conductivity of HEX [W/K] c cold fluid
m mass flow rate [kg/s] cal calculated data
P pressure [MPa] exp experimental data
Q heat transfer rate [W] f fuel
R inlet temperature difference-based thermal resistance [K/W] h hot fluid
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Abbreviations
CCA Cooled Cooling Air
GA Genetic Algorithm
HEX Heat Exchanger
LMTD Logarithmic Mean Temperature Difference
PCHE Printed Circuit Heat Exchanger
PTCC Precooled Turbine Combined Cycle
SABRE Synergistic Air-Breathing Rocket Engine
T™MS Thermal Management System

1. Introduction

The development of future advanced aerospace vehicles involves
achieving low-energy flight capabilities across airspaces (0-30 km) and
speed ranges (0-6 Ma) [1,2]. However, as the Mach number of flight
increases, the combined effects of heat release from engine combustion
and aerodynamic heating during flight significantly increase the thermal
load on the vehicle, posing substantial safety risks to its stable operation
[3-6]. When the Mach number of the aircraft reaches 6, under the
combined effects of combustion heat release and aerodynamic heating,
the central flow temperature in the combustion chamber can reach
2500 K, and the aero engine wall heat flux can reach 3 MW/m?, resulting
in a substantial thermal load on the aero engine. Consequently, the
development and establishment of an advanced and effective thermal
management system (TMS) has become a necessary technical approach
for the future development of advanced aerospace propulsion.

The concept of thermal management in aero engines is to conduct
top-level planning and distribution of thermal energy among subsystems
or components from a systemic perspective, achieving efficient con-
version, transportation, and transfer of thermal energy while enhancing
energy utilization efficiency under the premise of ensuring safe and
reliable engine operation. Based on this concept, researchers have pro-
posed various thermal management technologies for aviation engines
[7].

One of the prevalent methods of thermal management is the direct
heat exchange cooling technique, which involves using the engine’s
inherent working media (compressor bleed air, bypass air, bearing
cavity cooling air, low-temperature fuel, etc.) to directly exchange heat
with high-temperature heat sources through heat exchangers (HEXs) or
cooling channels. The Precooled Turbine Combined Cycle (PTCC) en-
gines primarily use hydrogen as fuel, typically stored in the liquid state,
which has an extremely low temperature (boiling point at 0.1 MPa is
20.32 K) [8]. Therefore, a key technology in the TMS of the PTCC en-
gines is the efficient utilization of the heat sink of liquid hydrogen. In the
early development of PTCC engines, precoolers were typically installed
before the compressor inlet, where liquid hydrogen and
high-temperature air directly exchanged heat through the precooler,
representatives including LACE [9-11], RB545 [12], and ATRDC [13,
14]. Cooled Cooling Air technology (CCA), proposed in the 1990s [15],
is a representative example of direct heat exchange cooling technology
in TMSs of aero engines [16]. CCA technology utilizes inlet ram air,
bypass air, or fuel as coolants to effectively cool the compressor bleed
air, addressing the growing demands for thermal protection [17]. The
AL-31F engine represents a milestone in the development of CCA tech-
nology, being the first in-service engine to utilize this technique. It uses
an air-air HEX installed in the bypass duct to precool the compressor
bleed air for cooling high-temperature turbine guide vanes, achieving a
cooling air temperature reduction of 125-210 K [18]. Moreover, both
the US adaptive versatile engine technology project [19] and the Europe
NEWAC project (New Aero Engine Core concepts) [20] adopt the CCA
technology, improving the aero engine thermal efficiency through direct
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heat exchange between compressor bleed air and bypass air. Never-
theless, increasing heat levels in future advanced aerospace vehicles
have increased reliance on fuel as a coolant. The advantages of
employing fuel as a heat sink in aero engines come from various factors
such as higher heat sink [21], superior cooling capacity, closer to the
cooling demand of the system, lighter CCA HEX [22], and so on. Duncan
et al. [23] conducted experiments to explore the CCA technology effects
on the external aerodynamics of combustion systems. Miller [24]
analyzed a turbojet cycle that incorporated methane-air CCA technology
versus a reference cycle, noting reductions of 1.2 % in specific thrust and
1 % in specific impulse. Boyle and Jones [25] noticed that cooling the
turbine air before it enters the system significantly lowers specific fuel
consumption. However, this cooling leads to a lower enthalpy in the air,
which could lead to negative effects that outweigh the benefits of this
precooling process. The impact of CCA technology on the aerothermal
performances of aero engines with low bypass ratios was examined, with
specific impacts noted across different flight altitudes and Mach
numbers, as reported by Zhuang et al. [26].

The direct heat exchange cooling technology in TMS introduces only
one additional component, a HEX, which has a minimal impact on the
additional weight of the aero engine and offers high heat transfer effi-
ciency. However, there are still many issues to be addressed in the
practical application of this technology in aero engines. For PTCC en-
gines or hydrogen-powered aircraft, employing direct heat exchange
cooling technology to utilize the heat sink of liquid hydrogen presents
several issues: (i) hydrogen embrittlement [27] can occur in the HEX,
leading to a significant reduction in its structural strength, compro-
mising its reliability in engine applications [28]. (ii) icing of the HEX.
Frost control technology [29] is crucial for liquid hydrogen-air HEX. At
flight altitudes below 12 km, direct heat exchange between liquid
hydrogen and air rapidly cools the incoming air, causing rapid lique-
faction and solidification of water vapor in the intake air, leading to frost
formation on the external surfaces of heat exchange tubes, which not
only deteriorates heat transfer performance but also blocks the air-side
flow paths. (iii) safety risks. The HEX operates under complex alter-
nating loads [30], posing a risk of heat exchange unit damage. Direct
heat exchange between liquid hydrogen and high-temperature air can
pose a fire risk if the heat exchange elements fail. For CCA technology,
direct heat exchange between fuel and air carries safety risks as well. If
the fuel-air HEX is damaged, leaking fuel into high-temperature air
could cause the engine to catch fire. Besides, thermo-acoustic oscilla-
tions and fuel coking [31] posed considerable obstacles in the operation
of the fuel-air HEXs, as noted by Herring and Heister [22].

Considering the drawbacks of direct heat exchange cooling tech-
nology in TMS, researchers proposed multilevel heat exchange systems
with multifluid. In the early 1990s, Reaction Engines Limited initiated
the Skylon project [32], innovatively proposing the Synergistic
Air-Breathing Rocket Engine (SABRE) concept [33]. The core feature of
the SABRE lies in its multilevel heat exchange system, which includes
three types of HEXs: helium-air precooler, helium-gas HEX, and
hydrogen-helium HEX [34]. Essentially, the cooling of ram air and
high-temperature gas is still achieved using the heat sink of
low-temperature liquid hydrogen. However, the introduction of helium
as an intermediate working fluid in a closed cycle achieves the indirect
transfer of heat. The multilevel heat exchange system with multifluid
not only improves the thermal energy utilization efficiency of the engine
but also effectively addresses issues such as hydrogen embrittlement and
safety risks associated with precoolers. In the course of SABRE’s devel-
opment, it gradually evolved into the SABRE-3 [35], SABRE-4 [36], and
Scimitar [2] designs, all of which also adopted multilevel heat exchange
systems with multifluid. For scramjets, Dang et al. [37] compared the
different layouts in the closed-Brayton-cycle-based segmented cooling
TMS, and the closed-Brayton-cycle working fluid was employed as the
intermediate working fluid to cool the engine wall and preheat the fuel.
Cheng et al. [38] proposed a fuel indirect cooling-based TMS using
liquid metal as the intermediate working fluid and evaluated its thermal
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performance. Their results show that the proposed TMS has good com-
bustion chamber wall protection performance. Besides, Zhang et al. [39]
also studied the performance and feasibility of employing liquid metal to
turbine guide vane cooling.

Multi-stage cooling technology may involve the use of an interme-
diate working fluid to develop a multilevel heat exchange system,
thereby achieving efficient thermal energy utilization. Wang et al. [40]
proposed a multi-stage precooling-compression cycle for PTCC engines
and analyzed the system thermodynamic characteristics by numerical
calculation. Zhang et al. [41] developed a two-stage expansion cooling
system with exhaust air heat recovery and a subcooled liquid-to-air
reheating coil for a dedicated outdoor air system in air-conditioning
applications. The prototype test showed the system outperformed con-
ventional cooling systems, exhibiting an efficiency increase of 26 %.
Thermoelectric coolers often use multi-stage cooling technology [42]. A
two-stage thermoelectric cooler system with respect to supercooling was
proposed and optimized by Buchalik et al. [43,44]. Results showed that
the developed system achieved momentary supercooling temperatures
by about 18 K lower compared to the steady state. Yang et al. [45]
designed a two-stage evaporative cooling system with composite acti-
vated carbon fiber dehumidification, aiming to reduce the air temper-
ature below the ambient air wet bulb temperature. Overall, the limited
space and weight constraints of aero engines restrict the extent of
research into multi-stage cooling technology applications within these
engines. Furthermore, employing the intermediate working fluid is not
essential for multi-stage cooling systems. Consequently, further re-
searches into intermediate heat exchange cycle systems within aero
engines are necessary.

Recently, to further the implementation of CCA technology, studies
have suggested the use of multilevel heat exchange systems with mul-
tifluid in turbofan engines. Fu et al. [46] proposed a thermodynamic
model to optimize the heat transfer area of the intermediate heat ex-
change cycle system for aero engines. Liu et al. [47] developed a theo-
retical model of an intermediate heat exchange cycle system and
conducted experiments to validate its accuracy. Results showed that the
deviations between simulation results and experimental data were
within +10 %. The optimization of the aero-engine thermal manage-
ment system with intermediate cycles based on an artificial neural
network and heat current method was studied by Liu et al. [48,49].
However, in their experiments, they only used water to substitute for
other working fluids like air, oil, and fuel, which deviates somewhat
from the actual conditions in aero engines. Generally, research on
multilevel heat exchange systems with multifluid is mostly restricted to
system optimization analysis and numerical simulations. Experimental
research on multilevel heat exchange systems with multifluid is limited,
and the formulation of thermal management strategies for these systems
lacks support from relevant experimental data. Therefore, the present
research gap lies in experimental studies on the impact of different
parameter variations on the thermodynamic characteristics of multilevel
heat exchange systems, and formulating thermal management strategies
based on experimental data analysis.

A highly efficient modeling method is essential for directly under-
standing and analyzing the thermodynamic characteristics of the
multilevel heat exchange system with multifluid. Present modeling
techniques are based on the physical analysis of individual components,
stacking governing equations according to component layout to develop
the mathematical model of the system [50]. In complex systems, how-
ever, these techniques involve numerous governing equations that
necessitate iterative solutions due to their nonlinearity, significantly
increasing computational time [51,52]. Expanding on the entransy
theory [53], Chen et al. [54,55] introduced the heat current method,
which facilitates the analysis and optimization of thermal systems
through the use of thermo-electrical analogy and radiation-network
method. Recently, in response to some shortcomings of the heat cur-
rent method in practical applications, Chen et al. [56,57] have further
proposed the transfer matrix-based method, which is mathematically
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equivalent to the heat current method but easier to utilize since it does
not require a topology transformation from fluid network to energy flow
network or graphical modeling. Considering the various advantages of
the transfer matrix-based method, the present study employs this
method to establish the thermodynamic model of the multilevel heat
exchange system with multifluid and validate the model’s accuracy
using experimental data.

This study establishes an experimental platform for a multilevel heat
exchange system in an aero engine, coupling three HEXs serving
different purposes and using endothermic hydrocarbon fuel, high-
temperature air, and high-pressure water as working fluids. The
research investigates the thermodynamic characteristics of the multi-
level heat exchange system for aero engines, exploring the effects of
variations in working fluids mass flow rates, inlet temperatures, and the
distribution ratio of water flow in system branches on system charac-
teristics. Based on experimental data, thermal management strategies
have been developed. Finally, a theoretical model of the system is
established using the transfer matrix-based method, and its accuracy is
validated through experimental data. The model is further developed by
coupling with the genetic algorithm to achieve holistic identification of
the HEX heat transfer characteristics in practical applications.

2. Experimental facility
2.1. Experimental system

Based on the practical requirements of thermal management in aero
engines, the current study designs and constructs a multilevel heat ex-
change system with multifluid. This system aims to utilize high-pressure
water as an intermediate working fluid to simultaneously cool the
compressor bleed air and bearing cavity cooling air and preheat the
aviation kerosene. In the preliminary evaluations, other fluids such as
helium, hexamethyldisiloxane, and thermal oil were considered for their
potential as intermediate working fluids. However, after extensive as-
sessments of safety, experimental operability, and hydraulic character-
istics, high-pressure water was selected due to its accessibility, stability,
and safety—qualities vital for experimental validation. It should be
noted that using water as an intermediate working fluid is not the sole
option. Depending on the specific application background and re-
quirements of the aero engine, alternative fluids may be selected. Fig. 1
(a) illustrates the principle of the system, which consists of three
different types of HEXs, as shown in Fig. 1(b). HEX-1 is a compressor
bleed air-water HEX utilizing a serpentine tube bundle design [58].
HEX-2 is a bearing cavity cooling air-water HEX with a typical shell and
tube structure. HEX-3 is a fuel-water HEX, featuring a printed circuit
heat exchanger (PCHE) with airfoil fins [59].

The test rig for the multilevel heat exchange system is shown in
Fig. 2. The experimental setup constitutes five primary sub-systems: the
compressor bleed air system, the bearing cavity cooling air system, the
high-pressure water system, the fuel system, and the cooling water
system. Chinese aviation kerosene RP-3 is used as fuel, and the water
pressure is maintained above 2 MPa to avoid boiling, thereby ensuring
the system’s stability. As boiling water is typically concurrent with the
formation of bubbles and turbulence, both of which can exert an influ-
ence on the hydraulic characteristics within the system. The only dif-
ference between the compressor bleed air system and the bearing cavity
cooling air system is that they use different types of air heaters. Within
the air pathway, an electric control valve and a Coriolis mass flowmeter
are used to adjust and measure the air mass flow rate. Subsequently, an
air heater is used to heat the air to a set temperature. Following this, the
high-temperature air transfers heat to the water in HEX-1 and HEX-2
before being discharged directly into the surroundings. In the high-
pressure water path, before the experiment, the water in the storage
tank is pressurized to a predetermined level using high-pressure nitro-
gen. Subsequently, this high-pressure water is driven by a circulating
pump and passes through a check valve to prevent any backflow. The
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Fig. 1. Schematic diagram of the multilevel heat exchange system with multifluid. a: Schematic diagram of the system principle; b: Structure of HEXSs.

high-pressure water flow path connects the three HEXs. HEX-1 and HEX-
2 are located on parallel branches, while HEX-3 is situated on the main
flow path. The mass flow rate of high-pressure water in the branch and
main pathways is regulated by throttle valves and measured by Coriolis
mass flowmeters. Along the fuel path, aviation kerosene RP-3, drawn
from a storage tank at room temperature, is pressurized using a triple
plunger pump. The fuel then flows through a Coriolis mass flowmeter
before being heated by the high-pressure water in HEX-3. Subsequently,
it is cooled in a double-pipe water cooler, which is the main component
of the cooling water system, and the pressure of the fuel system is
adjusted using a back-pressure valve. Finally, the fuel is returned to the
RP-3 recycling tank.

K-type sheathed thermocouples are employed to measure tempera-
tures at the inlet and outlet of each HEX. Fig. 3 depicts the placement of
temperature and pressure sensors in different HEXs within the system.
Thermocouples were placed at the inlet and outlet of the cold and hot
sides of the HEX, approximately 7 cm away from the head of the HEX, to
minimize the influence of external thermal disturbances. Specifically,
HEX-1 is enclosed within an annular passage, with six identical heat
exchange cores evenly distributed annularly. To accurately measure the
average inlet and outlet temperatures of air within HEX-1, four ther-
mocouples are placed in the same inlet cross-section and six thermo-
couples are placed in the same outlet cross-section. The bulk
temperatures at both points are calculated using the mass flow aver-
aging method. Rosemount absolute pressure transducers (Model
3051CA2, 3051CA4) and differential pressure transducers (Model
3051CD2) are employed to gauge pressure drops and absolute pressures
along the fuel, compressor bleed air, bearing cavity cooling air, and
high-pressure water paths. Pressure sensors are placed close to the
temperature sensors. Data from these measurements are collected by
multiple ADAM 4118 data acquisition modules, relayed through ADAM
4520, and finally interfaced with an Industrial Personal Computer. The
ADAM 4118 module has a sampling frequency of 100 Hz. However,
given that the current research primarily investigates the steady-state
characteristics of the multilevel heat exchange system, this high data
collection frequency is unnecessary. Consequently, we have adjusted the
data collection frequency to 4 Hz. This adjustment was based on pre-
liminary trials, which demonstrated that a 4 Hz frequency is sufficient to

capture all relevant system changes while ensuring the integrity of the
data. To minimize heat loss during experiments, thermal insulation
material covers all high-temperature pipelines and HEXs.

2.2. Data reduction

To ensure the collected data accurately reflected steady-state con-
ditions, specific criteria based on the stability of temperature, pressure,
and mass flow rate readings were established. The system was deemed to
have reached a steady state when the variations in these parameters
were less than 1 % over a 15-min period. Additionally, for data collec-
tion at a single operating point, four sets of data are recorded and
collected within 20 s, and their average is calculated to represent the
experimental data for that specific operating condition.

The thermodynamic characteristics of the multilevel heat exchange
system are primarily indicated by the variations in heat transfer rates
(Q) of each HEX and temperature variations at various system nodes.
The numbering of the system nodes is defined as shown in Fig. 1(a). The
heat transfer rates of different working fluids across the HEX within the
system are calculated by the following equations. Experimental results
from the literature provide the density and isobaric specific heat ca-
pacity (cp) values for aviation kerosene RP-3 [60,61]. Thermal proper-
ties and associated uncertainties of water and air are obtained from the
open-source CoolProp Library [62].

Qa1 =Ma16pa1(T7 — Ts) 1)
Qua =M1y (Te — T2) 2
Qa2 =My 26p02(To — Tho) 3)
Qw2 =My 26w2(T5 — T3) 4
Qw3 =My 36w3(Te — T1) 5)
Qe =myCp(T12 — T11) (6)

‘.

where subscripts “a”, “w”, and “f” respectively represent air, high-
pressure water, and fuel; subscripts “17, “2”, and “3” are HEX-1, HEX-
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Fig. 2. Testrig for the multilevel heat exchange system with multifluid. a: Schematic diagram of the experimental system; b: A photograph of the experimental setup.

2, and HEX-3, respectively.
The average Q between the cold-side fluid and hot-side fluid of each
HEX is expressed as below:

Q= (Qa,l + Qw,1) /2 @)
Q= (Qa,z + Qw,z) /2 (8)
Q= (Qus +Qr) /2 ©

All HEXs in the system are set up in a counterflow configuration. The
logarithmic mean temperature difference (LMTD) of each HEX is
calculated as follows:

ATy = (T =Ta) = (Ts = T2) (10)
In T’:;‘;)

ATy — (To — Ts) — (Two — Ts) an
in(2:%)

ATy s — (Te — T12) — (T1 — T11) az)

In (;‘::

Tip
(4H1
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Fig. 3. Schematic diagram of the placement of temperature and pressure sensors in different HEXs within the system.

The thermal conductivity (KA) of each HEX is calculated by the
following equations.

Q

KA, = ATy 13)
_ Q@

KAy = ATna 14)
_ Qs

KAz = ATps (15)

2.3. Uncertainty analysis

The working range and uncertainties of direct measurement for the
test rig are detailed in Table 1. Utilizing the error propagation formula
[63], for variables x1, xa, ..., Xy, which are used in the computation of
the variable (y) based on Eq. (16). Assuming measurements with un-
certainties 8x1, 8xy, ..., 8x,, and uncertainties in x1, X, ..., X, are random
and independent, the uncertainty in y is determined as follows:

y=f(x1,%2, ... Xn) (16)
Table 1
Range and uncertainty of direct measurements.
Direct Measuring instrument Range Uncertainty
measurement
Fuel mass flow Sincerity DMF-1- 0-0.5 kg/s +0.2 %
rate U15GWGY Coriolis
Flowmeter
Air mass flow Sincerity DMF-1-6AB 0-0.5 kg/s +0.5 %
rate Coriolis Flowmeter
Air mass flow Sincerity DMF-1-6C 0-1.0 kg/s +0.5 %
rate Coriolis Flowmeter
Water mass Endress + Hauser Promass 0-0.5 kg/s +0.15 %
flow rate E300 Coriolis Flowmeter
Water mass Endress + Hauser Promass 0-0.3 kg/s +0.15 %
flow rate E300 Coriolis Flowmeter
Absolute Rosemount 3051CA4 0-10 MPa +0.04 %
pressure pressure transmitter
Absolute Rosemount 3051CA2 0-1 MPa +0.04 %
pressure pressure transmitter
Pressure drop Rosemount 3051CD2 0-100 kPa +0.04 %
pressure transmitter
Pressure drop Rosemount 3051CD2 0-50 kPa +0.04 %
pressure transmitter
Pressure drop Rosemount 3051CD2 0-30 kPa +0.04 %
pressure transmitter
Temperature Kaipusen K-type sheathed 223.15-1423.15 +1.5K

thermocouple K

Table 2
The maximum uncertainties of heat transfer rates.
Parameters Uncertainty Parameters Uncertainty
Qa1 3.49 % Qu.1 6.24 %
Qao 2.36 % Qu2 4.97 %
Qu,3 4.56 % Q 9.24 %
Q 3.58 % Q2 2.82%
Qs 5.11 %
2 2 2
9y %Yy 9y
Sy = ——x + [ == ox: + -+ [ 50X 17
Y \/(axl ! oxy 2 o, " an

Combining the uncertainty of direct measurements, the calculated
maximum relative uncertainties of Q for each HEX are listed in Table 2.

3. Experimental results and thermal management strategy
discussions

To thoroughly explore the impact of various parameters on the
thermodynamic characteristics of the multilevel heat exchange system
with multifluid and to develop thermal management strategies based on
this, the current study conducts multiple experiments, focusing on the
effects of compressor bleed air mass flow rate (m,,;), bearing cavity
cooling air mass flow rate (m, ), fuel mass flow rate (my), high-pressure
water mass flow rate (m,,3), compressor bleed air inlet temperature (T7),
and bearing cavity cooling air inlet temperature (T9) on the system’s
thermal performance. Detailed experimental data and boundary condi-
tions are provided in Appendix A. Considering the actual application
conditions of TMSs in aero engines, the system’s thermal performance is
primarily reflected in the variations of internal node temperatures,
variations of outlet node temperatures, and changes in heat transfer
rates of each HEX within the system. Thus, this research primarily ex-
amines how changes in various parameters affect these three types of
parameters.

Fig. 4 illustrates the comparison of heat transfer rates between the
hot and cold sides for each HEX within the system, revealing a relative
deviation within 10 %, which confirms the reliability of the data gath-
ered. For the multilevel heat exchange system with multifluid, the in-
termediate working fluid serves as the third fluid playing a role in the
indirect transfer of thermal energy. Therefore, based on the configura-
tion of the present system depicted in Fig. 1(a), theoretically, the heat
exchanged between high-pressure water and the cold source fuel (Qs)
should be equivalent to the sum of the heat exchanges between high-
pressure water and the two high-temperature air sources (Q; and Q).
Specifically, in the absence of heat losses, Qs should be equal to (Q; +
Qo). Fig. 5 shows the comparison between Q3 and (Q;+Q5), illustrating a
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Fig. 5. Comparison between Q3 and (Q; + Q2).

relative deviation within 8 %, which demonstrates that heat losses are
minimal during the experimental process and that the system has been
stable when experimental data is collected.

3.1. Effect of the mass flow rate of compressor bleed air mq 1

Experiments have been conducted with varying m,;. Table 3 in-
dicates the detailed experimental conditions for the tests. Fig. 6(a) de-
picts the variations of internal node temperatures with m, ;. Under the
conditions of constant compressor bleed air inlet temperature, an in-
crease in m,; results in a corresponding increase in the thermal energy
input to the system. Observations show that T;, To, and T; are basically
equivalent, and they slightly rise with an increase in m, ;. Since water
flows from the main stream to the branches is a splitting process,
theoretically, the temperatures at each node in this process should be
equal. The experimental phenomenon shown in Fig. 6(a) corresponds
with this theory, further validating the experimental data’s reliability. In

Energy 315 (2025) 134373

Table 3
Experimental parameters for variable compressor bleed air mass flow rates.
Parameter Value Parameter Value
T; (°C) 249.96 myq (kg/s) 0.160-0.300
Ty (°C) 240.80 m, 5 (kg/s) 0.069
T11 CO) 39.74 my,1 (kg/s) 0.062
Pa1,in (MPa) 0.103 My 2 (kg/s) 0.040
Pa2,in (MPa) 0.110 My, 3 (Kg/s) 0.102
Pgin (MPa) 2.951 my (kg/s) 0.195
Py 3n (MPa) 2.522

HEX-1, compressor bleed air transfers heat with high-pressure water, so
the water outlet temperature of HEX-1 (T4) increases with an increase in
m, 1. Besides, T, exhibits an approximately linear relationship with mj ;.
However, it can be observed that as m,; increases, Ts does not change
significantly but remains essentially constant. This indicates that in a
multilevel heat exchange system, an increase in heat energy input to a
HEX on one branch does not significantly affect the temperature of the
intermediate working fluid on another branch. After the water from the
two branches merges and flows into HEX-3, Ty also rises as T4 increases.
Nevertheless, as can be seen from Fig. 6(a), anomalies are observed in
the experimental results, with T occasionally exceeding both T, and Ts,
whereas theoretically, T should be between T4 and Ts. This discrepancy
is primarily due to uneven heat exchange among the six identical heat
exchange cores within HEX-1, as described in Section 2.1. Under the
impact of uneven heat exchange, the measured T, (representing the
outlet temperature of water from one of the heat exchanger cores) might
not reflect the average outlet temperature of all cores, thus occasionally
resulting in temperatures lower than Ts.

The variations of outlet node temperatures are demonstrated in
Fig. 6(b). As expected, the compressor bleed air outlet temperature (Tg)
increases with the increase in m, ;. With the increase in T, the tem-
perature difference for heat transfer in HEX-3 grows, causing water to
transfer more heat to the fuel, thus increasing the fuel outlet tempera-
ture (T72). Similar to the previous phenomenon, although HEX-1 and
HEX-2 are connected in parallel, changes in the heat input to HEX-1 do
not significantly affect HEX-2, and T; remains essentially unchanged as
m, 1 increases.

Fig. 6(c) depicts the variations of the heat transfer rate of each HEX
with m, ;. The overall heat transfer coefficient (K) of HEX-1 increases
with the increase in m,;. Thus, the heat transfer capacity of HEX-1
grows, leading to the increase of Q;. According to the aforementioned
analysis, the effect of m, ; on HEX-2 is limited. Consequently, Q; remains
basically constant. Combined with the changes in Q; and Qy, Q3 corre-
spondingly increases with the increase of m, 1, since Qs is equal to the
sum of Q; and Q.. That is to say, the increase in compressor bleed air
mass flow rate indirectly promotes the increase of heat sink transfer by
the intermediate working fluid, and more heat is transferred to the fuel.

Based on the above thermodynamic characteristics, the thermal
management strategies of the aero engine with a multilevel heat ex-
change system could be formulated. Increasing the compressor bleed air
mass flow rate will lead to an increase in the thermal energy input to the
multilevel heat exchange system, causing an increase in compressor
bleed air outlet temperature, which is not conducive to the subsequent
utilization of the compressor bleed air to cool the high-temperature
turbine. Nevertheless, the impact of varying m,; on the bearing cavity
cooling air-water HEX of the branch connected in parallel is quite
limited. Therefore, when regulating the compressor bleed air mass flow
rate in a multilevel heat exchange system, the main concern should be
whether the bleed air outlet temperature meets aero-engine operating
requirements, without overly focusing on the condition of the bearing
cavity cooling air. Additionally, attention should be given to tempera-
ture T4, which represents the highest water temperature within the
entire system. It is crucial to prevent it from exceeding the boiling point,
which could compromise the system’s stability.



W. Liu et al.

Energy 315 (2025) 134373

175 180 45
a =TT, ~ Ty~vT—e—Ty < T b s Ty—e—T4+ T, C [ %2 &
150 | Internal Nodes 160 - | Outlet Nodes b
35 B
sl —a—+— 140 - my =0t2igs M MM
L . T,;=24996°C =]
:G 0.069 kgfs ;G 3 ! my =000kgs ™ Sioter
my, = = by
= . 2 - 120 m,;, =069 kgfs § 7,=24080°C 1y =0102kgls
g - T,2996°C  m,, =0062kgs E T,20996°C  m,,, 0062 kghs & 25
g T,=24080°C My =0040kghs 100 T,-24080°C 1y, =0.040kgh s}
o =0.102kgls g _ 20
e nl TEBue oissis & Ty=somec e =0102kes
m= 80 =
my=0195kgs 5k
50 - p—"
60 10 F
25 1 1 1 1 1 1 1 1 40 1 1 1 1 1 1 1 1 5 - = L = = L L L
014 016 018 020 022 024 026 028 030 032 014 016 018 020 022 024 026 028 030 032 014 016 018 020 02 024 026 02 030 032

my; (kgls)

Fig. 6.

My (kgfs)

Table 4
Experimental parameters for variable bearing cavity cooling air mass flow rates.
Parameter Value Parameter Value
T; (°C) 250.00 ma,1 (kg/s) 0.196
To (°C) 232.22 m, 5 (kg/s) 0.070-0.214
Ty, (°C) 41.06 My,1 (kg/s) 0.059
Pa1in (MPa) 0.102 M2 (kg/s) 0.041
Py2in (MPa) 0.152 my,3 (kg/s) 0.100
Pgi, (MPa) 3.063 mg (kg/s) 0.194
Py 3.in (MPa) 2.171

3.2. Effect of the mass flow rate of bearing cavity cooling air mq 2

Tests have been conducted with different m,> and the detailed
experimental conditions are shown in Table 4. Since both HEX-1 and
HEX-2 are located on the branches and involve air-water heat exchange,
the effects of changes in bearing cavity cooling air and compressor bleed
air mass flow rate on the multilevel heat exchange system follow the
same patterns. Essentially, the differences are only in the source of the
air, different air inlet parameters, and differences in the designs of HEXSs.
Hence, in the subsequent discussion, emphasis will be placed on
describing the phenomena and thermal management strategies, rather
than extensively analyzing the reasons for the changes. Fig. 7(a) dem-
onstrates that the water outlet temperature of HEX-2 (Ts) increases with
an increase in m,». And Ts is the highest water temperature for all in-
ternal nodes. Moreover, as m,» increases, T4 remains essentially con-
stant, which again proves different branches have a certain
independence. Combined with the variations of Ts and T4, Tg rises with
the increase of m, o.

Fig. 7(b) illustrates the changes in outlet node temperatures with
ma, 2. The bearing cavity cooling air outlet temperature (T¢) rises as m, o
increases. The fuel outlet temperature also increases with the increase in

my; (kgs)

The variation of different parameters with m, ;. a: Internal node temperatures; b: Outlet node temperatures; c: Heat transfer rates of different HEXs.

m, ». Nevertheless, the compressor bleed air outlet temperature remains
relatively stable and is not significantly influenced by variations in m, ».

The variations of the heat transfer rate of each HEX with m,, are
shown in Fig. 7(c). The increase in heat input to the bearing cavity
cooling air leads to an increase in the heat transfer rate of HEX-2 (Q2).
However, Q; remains essentially unchanged, and as m, continues to
increase, Qy eventually exceeds Q. Similar to the effect of compressor
bleed air mass flow rate, Q3 increases with the increase of mj .

Regarding the effect of bearing cavity cooling air mass flow rate, the
resulting thermal management strategies of the aero engine with a
multilevel heat exchange system are as follows. Increasing the bearing
cavity cooling air mass flow rate will lead to an increase in water tem-
perature and bearing cavity cooling air outlet temperature, which is not
conducive to the subsequent utilization of the bearing cavity cooling air.
However, increasing m, > has a quite limited influence on the thermal
performance of compressor bleed air-water HEX. Based on this, when
regulating the bearing cavity cooling air mass flow rate in a multilevel
heat exchange system, the main concern should be on two items: the
bearing cavity cooling air outlet temperature and internal node tem-
perature Ts, which represents the highest water temperature within the
entire system.

3.3. Effect of the mass flow rate of fuel my

Fig. 8 shows the variations of different parameters with fuel mass
flow rate (my) ranging from 0.083 kg/s to 0.250 kg/s. Table 5 illustrates
the detailed experimental conditions for the tests. Fig. 8(a) plots the
variations of internal node temperatures with m¢. Under the conditions
of constant fuel inlet temperature, an increase in ms results in a corre-
sponding increase in the cold source within the system. Consequently, in
HEX-3, where high-pressure water directly exchanges heat with fuel, the
water outlet temperature (T7) will decrease with an increase in mg. Since
water flows from the main stream to the branches is a splitting process,

45
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Table 5
Experimental parameters for variable fuel mass flow rate.
Parameter Value Parameter Value
T7 (°C) 250.37 m,,1 (kg/s) 0.158
Ty (°C) 241.95 m, 5 (kg/s) 0.071
T11 (CC) 40.40 my,1 (kg/s) 0.064
Py1,in (MPa) 0.101 my,2 (kg/s) 0.041
Pas.in (MPa) 0.111 My (kg/s) 0.104
Pgin (MPa) 2.998 my (kg/s) 0.083-0.250
Py 3.1 (MPa) 2.645

theoretically, Ty, T, and T; are equivalent, showing the same trend. For
HEX-1 and HEX-2, as m¢increases, the inlet temperatures of the cold-side
working fluids decrease, and consequently, the outlet temperatures of
these cold-side working fluids (T4 and Ts) also decrease. As for tem-
perature Tg, water flows from the branches to the main stream is a
mixing process, thus T decreases with the decrease of T4 and Ts. The
changes in outlet node temperatures with my are shown in Fig. 8(b). For
HEXs within the system, the water-side temperatures all decrease as my
rises, consequently, the outlet temperature of the other-side fluid (Ts,
T10, and T12) will decrease accordingly. As for the variation of the heat
transfer rates of different HEXs depicted in Fig. 8(c), with an increase in
my, the K of HEX-3 rises, enhancing the heat transfer and thus increasing
Qs. As analyzed earlier, the heat transfer temperature difference in HEX-
1 and HEX-2 increases, which causes Q; and Q5 to exhibit a rising trend.

The thermal management strategy developed in response to the
variations in fuel mass flow rate is outlined below. Firstly, reducing the
temperatures of the intermediate working medium, compressor bleed
air, or bearing cavity cooling air within the system can be achieved by
increasing the fuel mass flow rate. This approach aids in maintaining the
thermal stability of the system and improving the engine’s thermal ef-
ficiency. Secondly, by increasing my, the fuel outlet temperature could be
decreased, ensuring it remains below the maximum allowable temper-
ature. However, increasing the mys will raise the fuel-to-air ratio in the
combustion chamber of the aero engine, affecting the combustion
characteristics. Therefore, the regulation of fuel mass flow rate should
be coupled with considerations of the combustion requirements.

Table 6

Experimental parameters for variable main stream water mass flow rates.
Parameter Value Parameter Value
T, (°C) 250.47 m,; (kg/s) 0.160
To (°C) 237.65 my 5 (kg/s) 0.070
Ty1 (°C) 39.27 my,1 (kg/s) 0.045-0.221
Pa1,in (MPa) 0.101 My 2 (kg/S) 0.030-0.144
Py .2, (MPa) 0.111 My, 3 (kg/s) 0.075-0.365
Pgi, (MPa) 3.070 me (kg/s) 0.195
Py3,in (MPa) 2.324

3.4. Effect of the mass flow rate of main stream water m,, 3

Experiments have been conducted with varying main stream water
mass flow rates (my,3), and the experimental conditions are depicted in
Table 6. The changes in internal node temperatures with m,, 3 are shown
in Fig. 9(a). In HEX-3, with high-pressure water acting as the hot-side
working fluid, an increase in its mass flow rate indicates a larger heat
source, thereby resulting in a higher water outlet temperature (T7) from
HEX-3. Subsequently, T, and T3 also increase as T increases. For HEX-2
and HEX-3, where high-pressure water serves as the cold-side working
fluid, an increase in my, 3 also implies an increase in the water mass flow
rate in each branch. Consequently, as the total amount of cold source in
each branch increases, this results in a decrease in the water outlet
temperatures (T4 and Ts), subsequently causing the temperature Tg to
drop.

As previously mentioned, the intermediate working fluid in a
multilevel heat exchange system only serves to indirectly transfer
thermal energy. Therefore, changing the main stream water mass flow
rate only alters the thermal energy transfer rate and the temperatures at
the internal nodes, without affecting the heat transfer rates of the sys-
tem. Thus, Q;, Q2, and Q3 do not vary with changes in myy 3, as illustrated
in Fig. 9(c). Based on Egs. (2), (4) and (5), since the water mass flow rate
increases and Q remains unchanged, the temperature difference be-
tween the inlet and outlet water in each HEX will decrease, which is
consistent with the phenomenon shown in Fig. 9(a). The variations in
outlet node temperatures are demonstrated in Fig. 9(b). Due to the
constant heat transfer rate, mass flow rate, and inlet temperature of
compressor bleed air, bearing cavity cooling air, and fuel, the outlet
temperatures of these working media will not vary with m,, 3. However,
it can be seen that Ty exhibits significant fluctuations with increases in
my, 3, with fluctuations exceeding 10 °C. This phenomenon is attributed
to the variability in the inlet temperature of the bearing cavity cooling
air (Ty), which is not maintained at a constant value due to the opera-
tional characteristics of the air heater used in the experiments. Detailed
data in Appendix A.2 shows that during the experiments investigating
the effects of myy 3, To varied between 224.94 °C and 247.07 °C. This
variation directly impacted T, leading to the observed fluctuations
with the increase in my 3.

In the practical application of the multilevel heat exchange system
with multifluid for aero engines, it is crucial to ensure the stability of the
system. Preventing the intermediate working fluid from boiling is
particularly important, as boiling water is often accompanied by the
formation of bubbles and turbulence, which may result in shocks and
vibrations to components. Based on the above analysis regarding the
effect of my 3, adjusting the main stream water mass flow rate could
change the internal node temperatures without influencing the thermal
performance of the system. By increasing my, 3, the maximum water
temperature in the system can be lowered. However, it is important to
note that the temperatures at internal nodes T1-T5 will rise, potentially
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Fig. 9. The variation of different parameters with m,, 3. a: Internal node temperatures; b: Outlet node temperatures; c: Heat transfer rates of different HEXs.

impacting the ancillary components within the system.

3.5. Effect of air inlet temperatures T, and Ty

Fig. 10 demonstrates the variations of different parameters with
compressor bleed air inlet temperature (T7) ranging from 150.22 °C to
350.43 °C. Table 7 indicates the detailed experimental conditions for the
tests. Raising T means an increase in the heat input to the system, and it
can be anticipated that this will raise the temperatures at different nodes
within the system. As shown in Fig. 10(a) and (b), the internal node
temperatures and outlet node temperatures all increase with an increase
of T;. Moreover, except for Ts, the increase in temperatures at various
nodes generally exhibits a linear trend, which is consistent with the
theoretical derivations in Ref. [47]. Ts is the outlet temperature of the
intermediate working fluid on another branch and observations show
that T5 does not change significantly but remains essentially constant. It
aligns with the findings in Sections 3.1 and 3.2, which state that in
multilevel heat exchange systems, changes in the heat input of a HEX on
one branch have a very limited impact on another branch. As for the
heat transfer rate variations of each HEX depicted in Fig. 10(c), as Ty
increases, the heat transfer temperature differences in HEX-1 and HEX-3
grow, resulting in an increase in Q; and Qs. In the case of HEX-2, since
the mass flow rate and inlet temperature of the bearing cavity cooling air
remain constant, the outlet temperature increases slowly, causing Q- to
gradually decrease.

The changes of different parameters with bearing cavity cooling air
inlet temperature (To) ranging from 183.75 °C to 419.81 °C are illus-
trated in Fig. 11. Similar to the effect of T, except for T4, the temper-
atures at various nodes within the system increase with the rise in Tg and
roughly follow a linear trend. Since HEX-1 is located on another branch,
T4 remains essentially unchanged. Additionally, as the compressor bleed
air outlet temperature slowly increases and m,; and T; remain

Table 7

Experimental parameters for variable air inlet temperatures.
Parameter Value Parameter Value
T, (°C) 150.22-350.43 my,1 (kg/s) 0.160
Ty (°C) 183.75-419.81 my 5 (kg/s) 0.061
T11 CO) 41.15, 42.75 my,1 (kg/s) 0.061, 0.062
Pa1in (MPa) 0.101 My (kg/s) 0.039, 0.040
P,2in (MPa) 0.108 My 3 (kg/s) 0.100, 0.102
Pg;n, (MPa) 2.574 mg (kg/s) 0.235
Py3.n (MPa) 3.000

unchanged, the Q; gradually decreases with the increase of Tg, while
both Q, and Q3 increase with To.

Given the above characteristics, for thermal management strategies
of aero engines, increasing the pressure ratio, lowering the flight alti-
tude, or increasing the flight Mach number, could increase the
compressor bleed air inlet temperature (T7) and bearing cavity cooling
air inlet temperature (Ty). This enhancement allows the multilevel heat
exchange system to absorb more heat, consequently increasing the
temperature at various nodes within the system. Therefore, monitoring
the fuel outlet temperature T75 and the highest water temperature (T4 or
Ts), ensuring they remain below the maximum allowable temperature,
is particularly important.

3.6. Effect of the distribution ratio of water flow in branches &

The multilevel heat exchange system with multifluid is composed of
several HEXs arranged in parallel and series, forming multiple branches.
The current research investigates the effects of different branch inter-
mediate working fluid flow ratios on the system’s thermodynamic
characteristics. Herein, the distribution ratio of water flow in system
branches (&) is defined as the proportion of the water mass flow rate in
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Fig. 10. The variation of different parameters with T. a: Internal node temperatures; b: Outlet node temperatures; c: Heat transfer rates of different HEXs.
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Fig. 11. The variation of different parameters with To.

HEX-1 (my,1) to the main stream water mass flow rate (m,, 3), as shown
in Eq. (18). Accordingly, the proportion of the water mass flow rate in
HEX-2 (my,2) to the main stream water mass flow rate (my,3) is (1-£).

=1 100%

w.3

18

In the case of constant main stream water mass flow rate my, 3, Fig. 12
shows the variations of different parameters with ¢ ranging from 59.83
% to 89.73 %. Table 8 shows the detailed experimental conditions for
the tests. The changes in internal node temperatures with ¢ are depicted
in Fig. 12(a). As ¢ increases, T1-T3 remains essentially unchanged, T4
shows a slight decrease, while Ts significantly increases. It contributes to
the fact that an increase in £ means an increase in water mass flow rate in
HEX-1 and a decrease in HEX-2, where water acts as the cold-side fluid
in both HEXs. Therefore, as £ increases, the cooling capacity of water in
HEX-1 is enhanced, leading to a decrease in water outlet temperature
(T4), while a decrease in m,, » weakens the cooling capacity in HEX-2,
causing the water outlet temperature (Ts) to rise. Although T5 signifi-
cantly increases, the mixed temperature Tg of the branch water remains
largely unchanged. This is because Tg depends not just on the inlet
temperatures of the branch flows, but also on their mass flow rates and
the isobaric specific heat capacity. As for the outlet node temperature
demonstrated in Fig. 12(b), due to the decrease in the cooling capacity of
water in HEX-2, the bearing cavity cooling air outlet temperature (T710)
increases, while Tg and T75 show only minor changes. Regarding the
variations in heat transfer rate of the three HEXs shown in Fig. 12(c), the
high-pressure water in the system only serves to indirectly transfer
thermal energy. Thus, Qs essentially does not vary with . Q; and Qs
undergo slight changes with variations in ¢, but their sum theoretically
remains constant.

The thermal management strategies developed in response to the
variations in the distribution ratio of water flow in system branches (£)
are outlined below. Modifying £ enables the regulation of heat exchange

450

Energy 315 (2025) 134373

Csl =00 o
m,; =0160kgls
0F m,;, =0061 kg's
m=0235kgs
2| T4993°C  m,, =061 kgl
§ T, =4275°C  m,, =0039kgls
< m; =0100kgs
20 s
< . 5 e
—a
15
10
5 . ; i i .
150 200 250 300 350 400 450
7, (°C)

a: Internal node temperatures; b: Outlet node temperatures; c: Heat transfer rates of different HEXs.

Table 8
Experimental parameters for variable distribution ratio of water flow in
branches.
Parameter Value Parameter Value
T; (°C) 250.76 ma,1 (kg/s) 0.162
To (°C) 243.04 my,z (kg/s) 0.069
T11 CO) 39.83 my,3 (kg/s) 0.200
Pa1in (MPa) 0.101 m (kg/s) 0.195
Pa i (MPa) 0.111 & (%) 59.83-89.73
Ptin (MPa) 2.907 Py3.n (MPa) 2.369

in the system’s branch HEXs without affecting the systematic thermal
performance. For instance, increasing ¢ could strengthen the heat
transfer in HEX-1 and further reduce the compressor bleed air outlet
temperature. Conversely, decreasing £ can be employed to further lower
the bearing cavity cooling air outlet temperature. Nonetheless, caution
is required as extreme values of ¢ could result in overly high tempera-
tures at internal nodes, potentially exceeding the boiling point and
compromising system stability. Specifically, a very high & can cause a
sharp increase in temperature Ts, while a very low ¢ can lead to a sharp
increase in temperature T4. Most importantly, the results indicate that
adjusting the mass flow rate of the intermediate working fluid can
change the temperature at various nodes within the system, thereby
achieving regulation of heat sink distribution. This represents a signifi-
cant improvement over traditional aero-engine TMSs.

In the actual operation of multilevel heat exchange systems, mis-
matches between preheating and cooling demands can pose safety risks
and impact operational efficiency. To address these issues, responses are
categorized based on the system’s operating states:

Steady-State Operations: In steady-state conditions, a thorough
initial design phase is crucial. Designers must carefully plan thermal
management to accommodate various flight conditions, incorporating

200 150 40
a —= =T T Ty T——Ts Ts b —&—T Ty T, Outlet Nodes C =—0, Q, [0}
180 Internal Nodes 140 W 5k
m,, =0162kgls 130 f
160 I 7.25076°C * B 30F m,, =0.162 kgls
;=006 ks T,7250.76°C
5 T 2434°C  —0200kehs oot 7 g =0069 kgls
Sl - < B remsmcc
E T,=3983°C  m=0.195kgh % 1o E o m,, =0.200 kefs
5 wl E g =0162kgh Qo T HBC m=0195kgs
| ze2s076°C " _— - - =
5 = 5 10 7 my, =0069 kg - —-
100 b T,24304°C gy =0200 kels 15}
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Fig. 12. The variation of different parameters with ¢. a: Internal node temperatures; b: Outlet node temperatures; c: Heat transfer rates of different HEXs.
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precise thermal matching calculations. These calculations determine the
appropriate mass flow rates and circulating temperatures of the inter-
mediate working fluid. Such meticulous planning allows the system to
fine-tune predefined operating parameters to meet the thermal energy
demands during steady flight conditions, thus enhancing both efficiency
and safety.

Transient Processes: Transient processes involve variations in en-
gine operating conditions where thermal demand mismatches are more
likely. Addressing these challenges requires the development of robust
thermal management strategies and rapid adjustments of control com-
ponents. This study establishes a foundation by analyzing the thermo-
dynamic characteristics of the system under varying conditions and
developing a high-precision system model. From this basis, designers
can devise thermal control strategies to adapt to operational changes.
Subsequently, control algorithms can be developed to facilitate swift
adjustments.

4. Transfer matrix-based system modeling

A highly efficient modeling method is essential for directly under-
standing and analyzing the thermodynamic characteristics of the
multilevel heat exchange system with multifluid. This study utilizes the
transfer matrix-based method to establish the system’s thermodynamic
model. To simplify the model, the following assumptions are applied:

1. Heat losses in pipelines and HEXs are ignored, and the heat transfer
process only occurs between hot and cold fluids;

2. The multilevel heat exchange system operates at steady conditions;

3. The thermal properties of working fluids are constant, depending on
their average temperature and pressure.

4.1. Transfer matrix-based multilevel heat exchange system modeling

The transfer matrix-based method, proposed by Chen et al. [56,57],
is mathematically equivalent to the heat current method but offers
greater usability as it does not necessitate topology transformations from
fluid networks to energy flow networks or graphical modeling. The
transfer matrix-based method and heat current method have been suc-
cessfully applied in many fields, including district heating systems [56],
absorption energy storage systems [64], thermal power conversion in
large-scale systems [65], liquid desiccant dehumidification process
[66], Organic Rankine cycle systems, and so forth.

To keep this manuscript concise, only the main calculation and
modeling processes are outlined below. For a detailed derivation pro-
cess, please refer to Ref. [57].

The inlet temperature difference-based thermal resistance of
counter-flow HEX is defined as [54]:

G. exp <%’:) — Gy, exp <’é—";>
R —

GG [eXP ('é—A) TP (IEA) }

where G represents the fluid heat capacity flow rate, i.e., the product of
isobaric specific heat capacity and mass flow rate.

For the multilevel heat exchange system with multifluid illustrated in
Fig. 1(a), the vector of node temperatures T is expressed by:

19)

T=[T1 To Ts T4 Ts T T7 Ts To Tio Tu1 Tia) (20)
The system-level transfer matrix equation [57] is:
HT=H.T @21

The two coefficient matrices in Eq. (21) are expressed as:
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where set f = (mcp)4/[(mcp)4+(mcp)s], and the expressions for ay, ay, as,
by, by, and b3 are given below:

PO
' (RGh)i .

1 ,i=1,2,3 24)
b= &a,

In Eq. (24), the subscripts 1, 2, and 3 correspond to HEX-1, HEX-2,
and HEX-3, respectively; ‘h’ represents the hot fluid, and ‘c’ represents
the cold fluid.

Remove the redundant rows and columns in Eq. (21), the simplified
system-level transfer matrix equation can be obtained:

T: 0 0 0 0 0 1-a3 O 0 as T;
T, 1 0 0 0 O 0 0 0 0 T,
Ty 1 0 0 0 O 0 0 0 0 Ts
Ty 01-by 0 O O 0 b 0 0 Ty
T5 = 0 O ]. - bz 0 0 0 0 b2 O T5
Ts 0 0 0 f1-f 0O 0 0 0O Ts
Tg 0 o 0 0 O 0 1-¢¢ O 0 T;
T1() 0 0 as 00 0 0 1- as 0 Tg
Tio 0 0 0 0 0 bs 0 0 1-bs T

(25)

To facilitate calculations, Eq. (25) has been reformulated based on
the internal and outlet nodes:

1,1 1,2
( Tinternal ) — H’"J Hm«r < Timemal )
Tout H,znlr Hrzan Ti
where H,, , represents the reduced version of H;, and the dimensions of
blocks H%  align with those of Tin, Tout, and Tinternal-
Furthermore, Eq. (26) can be decomposed into two equations using

block matrix multiplication. After rearranging these two equations, the
system’s thermodynamic equation is derived as follows:

(26)

{ (I — H;ﬁ) Tinternal = Hrlri,erin 27)

2,1 2,2
Tow = Hmerinternal + Hm_rTin

By substituting Eq. (27) into each element and expanding, the
following can be obtained:
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1 0 0 0 0 as — 1 T] (13T11

-1 1 0 0 0 0 T, 0

-1 0 1 0 0 0 Ts | |0

0 b -1 0 1 0 0 T, | | T, (28)
0 0 b,—1 0 1 0 Ts b, Ty

0 0 0 —f f-1 1 Te 0
Tg a T, (1-a)T;
T10 = ClzT3 + (1 — az)Tg (29)
Ty bsTe (1 —bs)Tn1

When the parameters a;, b;, f and Ti, are known, the internal and
outlet node temperatures of the multilevel heat exchange system with
multifluid can be quickly determined using Egs. (28) and (29).
Furthermore, with the temperatures at each node known, the heat
transfer rate between different nodes can also be calculated. In sum-
mary, a thermodynamic model of the multilevel heat exchange system
with multifluid has been established using the transfer matrix-based
method.

4.2. Verification with experimental data

To validate the precision of the above transfer matrix-based multi-
level heat exchange system model, the current study uses all the
experimental data mentioned in Section 3, focusing on the comparison
of temperatures and heat transfer rates. In detail, with the inlet node
temperatures (Tj,), mass flow rates of the various working fluids, and
the thermal conductivities (KA) of the three HEXs known (using
experimental data), the theoretical model is used to calculate the tem-
peratures at internal and outlet nodes and the heat transfer rates be-
tween nodes. These results are then compared with experimental data to
compute the prediction deviations.

Fig. 13 plots the comparison of the experimental data of the multi-
level heat exchange system shown in Fig. 1 with the calculated results
using Eq. (28) and Eq. (29). Regarding the inlet and outlet temperatures
of HEX-1, HEX-2, and HEX-3, 98.3 %, 97.1 %, and 99.4 % of the data are
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within the error margins of +8 %, +10 %, and +8 %, respectively. It
indicates that the transfer matrix-based model can predict the inlet and
outlet temperatures at various nodes within the multilevel heat ex-
change system with high precision, which is beneficial for temperature
monitoring and analysis in aero-engine TMSs, enabling adjustments to
be made in line with temperature readings and thermal management
strategies. According to Egs. (1)-(9) and node temperatures calculated
by the theoretical model, for HEX-1, HEX-2, and HEX-3, 98.4 %, 97.7 %,
and 94.6 % of the heat transfer rate data, respectively, fall within +8 %,
+8 %, and +10 % error bands. It demonstrates that the aforementioned
model can also accurately compute the heat transport between different
nodes within the system. Consequently, precise energy flow analysis can
be conducted for multilevel heat exchange systems, which is also
beneficial for optimizing system design.

Fig. 14 summarizes the prediction deviations for all experimental
data (774 data points) including temperatures and heat transfer rates,
with 97.8 % of the data within +10 % error bands, thereby validating
the transfer matrix-based multilevel heat exchange system model.

4.3. Holistic identification of HEX heat transfer characteristics

Essentially, the above case is a simulation issue, where the KA of each
HEX within the system is known in advance, leaving the calculation of
node temperatures and heat transfer rates through the model. Never-
theless, in practical operations of a multilevel heat exchange system in
an aero engine, the KAs of HEXs vary with flight conditions, whereas the
inlet and outlet temperatures of air and fuel (T, and T,y) are easier to
monitor. Therefore, this research has further developed the transfer
matrix-based model by coupling it with the genetic algorithm (GA) [67,
68] to achieve holistic identification of the HEX heat transfer charac-
teristics in practical applications, as illustrated in Fig. 15. When Ty, Tout,
and the mass flow rates of the fluids are known but the KAs of HEXs
within the system are unknown, the algorithm developed is used to
compute these KAs along with the internal node temperatures (Tipternal)-

To validate the overall identification effect of the developed model
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Fig. 13. The comparison of different parameters of the multilevel heat exchange system (Calculated results vs Experimental data). a: Inlet and outlet temperatures of
HEX-1; b: Inlet and outlet temperatures of HEX-2; c: Inlet and outlet temperatures of HEX-3; d: Heat transfer rates of HEX-1; e: Heat transfer rates of HEX-2; f: Heat

transfer rates of HEX-3.
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coupled with GA on the heat transfer characteristics of HEXs, the current

study conducts comparative calculations using experimental data.
Table 9 lists the input parameters for the calculations, while Fig. 15

Main program
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illustrates the applied calculation procedure. Table 10 presents and
compares the calculated thermal conductivities of HEXs and node tem-
peratures within the system to their experimental values. The maximum
relative deviation for all parameters is —4.79 %, indicating that the
proposed model coupled with GA can provide results with sufficient
accuracy for practical applications in aero-engine multilevel heat ex-
change systems with multifluid. Besides, Fig. 16 presents the variation of
KAs of different HEXs of the best individual in each generation with
respect to the number of generations. It is observed that the value of KA
stabilizes after 20 generations and achieves its optimal value upon
meeting the termination condition. Moreover, the algorithm exhibits
robustness, as it consistently converges despite substantial deviations
from initial values.

lnput system parameters:
m, Pa Tim Tout

[ /
!

Generation of the initial population

Y

Calculate the objective function [« New population

*

Mutation
v Crossover
Evaluation of the fitness Selection

OUtPUt KAl,caly KAZ,caI, KA}.caI

Y

Calculate temperatures Tiyernal DY
: solving matrix equation

yssssssmsssnnsnnsnnnn

Yannn

700 800 Table 9
Input parameters for algorithm validation.
My (kg/s)  mao(kg/s)  mp(kg/s)  myn (kg/s)  myp (kg/s)  myz (kg/s)
0.1973 0.0701 0.1944 0.0600 0.0403 0.1003
T7 (°C) To (°C) T11 (°C) Ts (°C) Ty (°C) T12 (°C)
249.12 221.48 40.20 147.56 73.35 120.09
®: Objective function =
) Input system parameters:
m, P, Tiny Tou
: v
Assume reference temperatures: |
Twl.ref, TwZ.ref, T\\}.ref ‘
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Fig. 15. The flowchart of multilevel heat exchange system calculation with unknown KA using GA optimization.
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Table 10
Calculation results comparison for algorithm validation.

Experimental value Calculation value Error (%)

T, (°C) 54.81 56.49 -3.07
55.00 56.49 —2.71
T, (°C)
54.97 56.49 —2.77
T5 (°C)
135.32 138.72 ~2.51
T4 (°C)
122.64 119.06 2.92
Ts (°C)
135.84 130.83 3.69
T (°C)
147.56 146.42 0.77
Ts (°C)
73.35 72.95 0.55
T10 (°C)
120.09 117.53 2.13
T12 (°C)
198.5 208.0 —4.79
KA; (W/K)
230.1 225.2 2.13
KA; (W/K)
2213.8 2125.3 4.00
KAs (W/K)
2400
2100
1800 F | ‘
|
|
_ 1500 } | |
——K4, KA, ., =198.5 WK
% 1200 ——KA4, KA, ., =230.1 WK
§ K4y Kd,,,=22138 WK
900
600
300 T sl
KA, ., = 208.0 W/K
0 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
Generation

Fig. 16. Variation of the KA of different HEXs of the best individual in each
generation with respect to the number of generations.

5. Conclusions

This study experimentally investigates the thermodynamic charac-
teristics of a multilevel heat exchange system with multifluid for aero
engines. An experimental platform integrating compressor bleed air,
bearing cavity cooling air, aviation kerosene, and high-pressure water
was constructed. The effects of working fluid mass flow rates, inlet
temperatures, and water flow distribution ratios on system performance
were evaluated, and corresponding thermal management strategies
were proposed. A mathematical model, enhanced by genetic algorithm
(GA) coupling, was developed and validated with experimental data,
achieving high accuracy in the holistic identification of the HEX heat
transfer performance. The primary findings are summarized as follows:
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i. Variations in thermal energy input to a HEX on one branch of a
multilevel heat exchange system have minimal influence on other
branches.

ii. The intermediate working fluid serves solely as a thermal energy
transfer medium. Adjusting its mass flow rate or distribution ratio
alters the thermal transfer rate and internal node temperatures
without affecting the system’s total heat transfer rate. Q; and Q2
undergo slight changes with variations in &, but their sum theo-
retically remains constant (Q3).
When regulating m,; or m, s, attention should be given to T4 or
Ts, respectively. The regulation of ms has a governing effect on
the temperatures of all working fluids in the system, but it also
affects combustion characteristics. Therefore, adjustments to mg
should be synchronized with combustion requirements. Changes
in flight parameters can enhance system heat absorption but
require careful monitoring of critical temperatures (e.g., T2, T4,
and Ts).

iv. The transfer matrix-based model achieved high accuracy,
capturing 97.8 % of the experimental data within a +10 % error
margin. For practical applications in aero engines, the developed
model coupled with GA effectively identifies HEX heat transfer
characteristics, exhibiting a maximum relative deviation of
—4.79 %.

iii.

The current work focuses solely on steady-state analysis and
modeling of the multilevel heat exchange system. In future work, we
plan to expand our analysis to explore the effects of multi-parameter
coupling on system characteristics and to conduct dynamic modeling
and analysis of the multilevel heat exchange system with multifluid.
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Appendix A. Experimental data

This appendix gives the experimental data for the various cases.
A.1. Experimental data of HEX-1

ma,1 (kg/s) My, (kg/s) T7 (°C) Tg (°C) T, (°C) T4 (°C) Qa1 (kW) Qw1 (kW) Qi (kW)
Ma1 0.1599 0.0620 249.71 132.84 50.36 119.03 19.13 17.86 18.50
variation 0.1806 0.0623 249.91 141.03 53.00 126.51 20.14 19.24 19.69
0.1983 0.0639 249.95 146.11 55.30 131.92 21.10 20.57 20.83
0.2173 0.0639 249.93 150.81 56.00 136.70 22.08 21.69 21.88
0.2404 0.0640 250.64 155.37 56.23 142.32 23.49 23.19 23.34
0.2999 0.0640 249.64 166.42 58.04 153.86 25.62 25.86 25.74
Ma2 0.1973 0.0600 249.12 147.56 55.00 135.32 20.54 20.27 20.40
variation 0.1923 0.0590 250.01 147.94 55.56 135.25 20.11 19.78 19.94
0.1998 0.0590 250.36 149.66 56.50 135.45 20.62 19.59 20.11
0.1991 0.0590 250.66 149.50 57.33 136.66 20.64 19.69 20.17
0.1962 0.0590 249.80 149.07 57.89 135.62 20.26 19.29 19.78
0.1931 0.0590 250.01 148.67 58.58 135.25 20.06 19.03 19.54
mg 0.1582 0.0640 250.07 132.47 49.00 116.37 19.05 18.08 18.56
variation 0.1597 0.0640 249.89 132.80 50.30 117.03 19.14 17.92 18.53
0.1586 0.0640 251.08 134.77 53.63 119.75 18.88 17.76 18.32
0.1564 0.0620 250.56 135.63 56.50 122.01 18.40 17.06 17.73
0.1597 0.0640 251.23 139.65 63.84 127.23 18.25 17.06 17.65
0.1571 0.0640 250.70 141.52 67.80 129.52 17.57 16.62 17.10
0.1580 0.0630 249.08 157.08 98.67 148.49 14.91 13.31 14.11
My,3 0.1624 0.2211 250.34 141.32 91.30 108.19 18.13 15.72 16.92
variation 0.1600 0.1980 250.93 140.33 88.70 108.32 18.13 16.35 17.24
0.1593 0.1740 250.33 139.31 85.54 107.55 18.11 16.11 17.11
0.1595 0.1490 250.65 138.86 82.53 109.03 18.26 16.60 17.43
0.1580 0.1240 250.00 138.03 78.20 110.82 18.12 17.01 17.56
0.1609 0.1000 250.24 137.89 73.00 114.22 18.51 17.33 17.92
0.1594 0.0750 251.04 137.12 63.20 120.00 18.59 17.90 18.25
0.1587 0.0450 250.21 139.77 45.85 140.79 17.94 17.96 17.95
T variation 0.1589 0.0618 150.22 86.01 37.89 75.05 10.34 9.60 9.97
0.1606 0.0620 200.33 108.11 41.95 95.49 15.08 13.89 14.48
0.1591 0.0620 250.17 133.51 47.60 117.40 19.00 18.15 18.57
0.1605 0.0620 298.81 159.18 53.64 137.12 23.09 21.76 22.43
0.1591 0.0605 350.43 187.10 58.20 155.15 26.99 24.75 25.87
Tq variation 0.1624 0.0600 249.89 131.69 43.60 116.59 19.65 18.36 19.00
0.1593 0.0610 249.77 133.92 46.86 118.36 18.89 18.29 18.59
0.1598 0.0610 250.21 135.81 50.30 119.69 18.72 17.76 18.24
0.1596 0.0610 249.97 136.94 52.70 120.31 18.47 17.30 17.89
0.1595 0.0616 249.83 138.16 55.80 122.36 18.24 17.22 17.73
¢ variation 0.1625 0.1199 250.76 136.80 75.14 109.68 18.96 17.40 18.18
0.1607 0.1310 250.42 137.11 76.70 108.10 18.64 17.29 17.96
0.1613 0.1450 251.43 136.54 76.80 105.53 18.98 17.50 18.24
0.1624 0.1570 251.26 135.85 77.00 103.71 19.19 17.61 18.40
0.1618 0.1650 250.26 135.34 77.00 101.75 19.04 17.15 18.10
0.1634 0.1800 250.41 133.54 75.00 98.79 19.55 17.97 18.76

A.2. Experimental data of HEX-2

m,, 2 (kg/s) my,2 (kg/s) To (°C) Ty0 (°C) T3 (°C) Ts (°C) Qa2 (kW) Qu,2 (kW) Q2 (kW)
Ma,1 0.0702 0.0402 243.24 64.07 50.14 127.51 12.80 13.05 12.93
variation 0.0703 0.0402 233.60 67.07 52.90 127.82 11.91 12.65 12.28
0.0694 0.0407 231.10 68.75 55.21 126.55 11.46 12.20 11.83
0.0685 0.0407 247.89 68.88 55.99 129.22 12.49 12.52 12.51
0.0680 0.0406 236.90 69.14 56.20 127.04 11.61 12.08 11.85
0.0661 0.0404 252.09 69.63 58.09 128.93 12.29 12.03 12.16
Ma2 0.0701 0.0403 221.48 73.35 54.97 122.64 10.56 11.45 11.01
variation 0.1053 0.0410 241.72 82.13 55.50 150.29 17.13 16.38 16.75
0.1439 0.0409 235.16 95.15 56.50 170.31 20.54 19.68 20.11
0.1614 0.0408 230.07 104.69 57.40 175.86 20.65 20.48 20.56
0.1862 0.0411 238.68 113.35 57.90 185.44 23.83 22.21 23.02
0.2139 0.0410 226.21 124.23 58.60 188.34 22.28 22.56 22.42
mg 0.0700 0.0406 236.00 65.09 48.90 123.27 12.17 12.67 12.42
variation 0.0708 0.0405 252.20 64.71 50.30 127.11 13.52 13.06 13.29
0.0708 0.0405 238.42 67.20 53.60 126.53 12.33 12.42 12.37
0.0706 0.0424 248.81 68.68 56.52 130.05 12.94 13.11 13.02
0.0710 0.0406 238.95 73.92 63.85 132.42 11.94 11.72 11.83
0.0713 0.0406 239.92 76.69 67.87 134.41 11.86 11.36 11.61
0.0706 0.0404 239.34 101.50 99.10 150.50 9.92 8.81 9.37

(continued on next page)
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(continued)

ma2 (kg/s) my,2 (kg/s) To (°C) T10 (°C) T3 (°C) Ts (°C) Qa2 (kW) Qu,2 (kW) Q2 (kW)

My,3 0.0704 0.1440 224.94 92.32 91.50 107.85 9.51 9.91 9.71

variation 0.0698 0.1293 247.07 91.34 88.90 108.60 11.08 10.72 10.90

0.0697 0.1142 244.05 89.08 85.74 108.41 11.02 10.89 10.96

0.0702 0.0987 238.78 87.58 82.83 109.57 10.82 11.10 10.96

0.0701 0.0829 233.72 85.26 78.40 110.32 10.60 11.13 10.86

0.0709 0.0682 244.29 83.14 73.20 113.35 11.64 11.52 11.58

0.0711 0.0518 242.53 78.11 63.31 118.17 11.91 11.94 11.92

0.0708 0.0303 225.80 91.07 45.76 124.81 9.71 10.05 9.88

T, variation 0.0622 0.0401 256.08 82.87 37.60 95.31 10.98 9.67 10.33

0.0620 0.0401 249.06 91.41 41.70 95.05 9.97 8.95 9.46

0.0614 0.0399 246.60 98.05 47.50 98.99 9.30 8.60 8.95

0.0606 0.0400 237.51 96.70 53.55 103.80 8.70 8.42 8.56

0.0605 0.0412 235.29 101.10 58.02 104.40 8.28 8.01 8.15

Ty variation 0.0614 0.0400 183.75 52.16 43.35 86.07 8.19 7.15 7.67

0.0613 0.0398 247.58 60.17 46.60 112.68 11.69 11.01 11.35

0.0609 0.0391 310.70 79.93 50.30 131.30 14.40 13.31 13.86

0.0609 0.0387 371.25 107.19 52.50 151.31 16.60 16.10 16.35

0.0613 0.0380 419.81 128.04 55.77 174.09 18.59 19.01 18.80

& variation 0.0691 0.0809 244.66 77.95 75.26 109.06 11.73 11.49 11.61

0.0681 0.0689 246.11 81.36 76.80 116.52 11.43 11.51 11.47

0.0694 0.0543 244.88 83.62 76.95 125.84 11.41 11.18 11.29

0.0702 0.0441 242.85 85.82 77.00 136.77 11.24 11.12 11.18

0.0703 0.0344 235.12 89.90 76.80 152.39 10.40 11.00 10.70

0.0694 0.0210 244.60 96.91 75.10 188.99 10.46 10.19 10.32

A.3. Experimental data of HEX-3

My, (kg/s) mg (kg/s) Te (°C) T (°C) T Q) T12 (°C) Qu,3 (kW) Qr (kW) Q3 (kW)
Ma1 0.1024 0.1954 127.35 50.66 36.86 112.05 32.97 30.80 31.89
variation 0.1026 0.1951 133.37 53.20 38.72 118.12 34.59 32.76 33.67
0.1042 0.1950 135.67 55.17 39.93 120.70 35.28 33.44 34.36
0.1042 0.1949 138.62 56.05 40.63 122.68 36.21 34.04 35.13
0.1043 0.1948 141.95 56.96 40.75 125.80 37.32 35.38 36.35
0.1044 0.1949 148.94 58.51 41.54 131.79 39.79 37.82 38.80
Ma2 0.1003 0.1944 135.84 54.81 40.20 120.09 34.24 32.96 33.60
variation 0.1002 0.1944 143.50 55.69 40.56 125.54 37.04 35.26 36.15
0.1001 0.1944 151.91 57.23 40.84 132.26 39.98 38.20 39.09
0.0999 0.1943 155.40 57.85 41.24 134.63 41.13 39.12 40.12
0.0998 0.1941 155.78 58.40 41.56 135.36 41.02 39.29 40.16
0.1001 0.1943 160.06 58.93 41.96 138.59 42.75 40.66 41.70
mg 0.1043 0.2503 125.62 48.68 42.00 102.98 33.68 31.88 32.78
variation 0.1044 0.2270 125.70 51.06 41.62 106.73 32.73 30.98 31.86
0.1044 0.2026 128.10 53.75 41.07 112.95 32.60 30.70 31.65
0.1044 0.1796 128.40 57.89 40.64 117.17 30.93 29.10 30.01
0.1043 0.1541 133.17 65.09 40.10 125.54 29.90 28.09 29.00
0.1044 0.1313 134.93 71.51 39.70 130.18 27.89 25.45 26.67
0.1035 0.0834 153.31 102.74 37.70 152.25 22.24 20.88 21.56
Mw,3 0.3651 0.1946 110.72 93.68 39.24 109.93 26.22 28.86 27.54
variation 0.3272 0.1946 111.06 89.43 39.33 109.81 29.80 28.78 29.29
0.2882 0.1947 110.93 83.85 39.15 109.76 32.82 28.83 30.83
0.2478 0.1946 112.51 80.31 39.18 110.94 33.56 29.33 31.44
0.2070 0.1947 114.07 75.91 39.10 111.84 33.21 29.76 31.48
0.1684 0.1946 117.84 71.34 39.10 114.32 32.92 30.84 31.88
0.1268 0.1944 123.83 61.77 39.33 115.94 33.08 31.45 32.26
0.0751 0.1946 139.69 44.90 39.75 111.01 29.94 29.15 29.54
T variation 0.1017 0.2358 85.38 38.87 33.10 73.06 19.78 18.86 19.32
0.1020 0.2353 97.83 42.84 36.23 82.71 23.47 22.21 22.84
0.1022 0.2346 114.77 48.60 40.80 96.16 28.35 26.90 27.62
0.1020 0.2338 131.19 54.73 45.80 109.61 32.77 31.51 32.14
0.1016 0.2333 140.75 58.76 49.82 117.59 35.09 33.80 34.44
Tq variation 0.1003 0.2353 109.55 44.86 37.23 91.29 27.19 26.11 26.65
0.1005 0.2349 121.91 47.92 39.97 100.38 31.19 29.50 30.34
0.1002 0.2345 129.40 51.38 43.12 106.74 32.82 31.32 32.07
0.0997 0.2344 136.56 53.67 45.30 112.19 34.73 33.18 33.96
0.0994 0.2340 145.05 56.80 48.12 118.81 36.93 35.35 36.14
¢ variation 0.2004 0.1953 112.58 74.98 40.20 110.16 31.68 28.70 30.19
0.1997 0.1952 114.51 74.86 39.95 111.82 33.30 29.52 31.41
0.1991 0.1953 114.63 75.17 39.89 111.96 33.04 29.61 31.33
0.2007 0.1951 114.29 74.81 39.67 111.69 33.32 29.55 31.43
0.1992 0.1952 114.56 75.78 39.64 112.77 32.48 30.05 31.27
0.2006 0.1952 109.60 72.77 39.64 107.30 31.05 27.65 29.35
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