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Abstract: The design complexity of the new generation of civil aero-engines results in higher demands
on engines’ components, higher component temperatures, higher heat generation, and, finally, critical
thermal management issues. This paper will propose a methodological approach to creating physics-
based models for heat loads developed by sources, as well as a systematic sensitivity analysis to
identify the effects of design parameters on the thermal behavior of civil aero-engines. The ranges and
levels of heat loads generated by heat sources (e.g., accessory gearbox, bearing, pumps, etc.) and the
heat absorption capacity of heat sinks (e.g., engine fuel, oil, and air) are discussed systematically. The
practical research challenges for thermal management system design and development for the new
and next generation of turbofan engines will then be addressed through a sensitivity analysis of the
heat load values as well as the heat sink flow rates. The potential solutions for thermal performance
enhancements of propulsion systems will be proposed and discussed accordingly.

Keywords: thermal management system; heat loads; aero-engines

1. Introduction

Thermal Management Systems (TMSs) are crucial for enhancing the performance
of aircraft engines by managing the excess heat loads generated by various components
(e.g., bearings, gearboxes, pumps, generators, etc.) at different flight phases [1]. The
primary goal of the TMS is to transfer excess heat to aircraft heat sinks (e.g., fuel, oil, and
air) and utilize this energy to enhance the efficiency of the propulsion system and the
aircraft. Moreover, the TMS aims to regulate the surface temperature of propulsion system
components to prevent overheating, which can adversely affect their performance. This
is particularly crucial for components like the power gearbox (PGB) in geared turbofan
engines, the Accessory Gearbox (AGB), and electrical components in More Electric Aircraft
(MEA) [2]. With respect to the very tight regulations set in the net zero 2050 strategy and
Flight Path 2050 [3,4], along with increasing values of heat loads in new generations of
aircraft engines [5], the optimal design of the thermal management system is crucial to
enhance the performance of the propulsion system and reduce the aircraft’s emission levels.
A typical architecture of a TMS for an aero-engine is shown in Figure 1. As depicted in
this figure, the engine oil, air, and fuel systems are integral parts of the TMS and should be
optimally designed and integrated. The lubrication oil is normally used as the coolant in the
components to absorb the generated heat. The hot oil then passes through heat exchangers,
such as the Fuel Oil Heat Exchanger (FOHE) and the Air Oil Heat Exchanger (AOHE), to
transfer the absorbed heat to engine fuel or air. The fuel system is designed to act as a heat
sink for the oil system, cooling the o0il and warming the fuel [6]. It is worth mentioning
that the fuel at a higher temperature will enhance the fuel consumption of the engine [7].
However, if the fuel does not have enough capacity to take all the absorbed heat (due to
certification limitations or operating temperature limits), the engine bypass and/or ram air
could be used as another heat sink. The level of the oil flow rate, the order of lubricating the
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Figure 1. A conventional TMS architecture for aircraft applications (adapted from [6]).
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Table 1. Heat sources, heat sinks, and coolants used in aero-engines.
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Heat Sources Coolant

Heat Sources Coolant Heat9unksinics

Bearings (engine shaft beafingBgarings (enging Shaﬁ%‘gﬁ?gia}gS);
Accessory gearbox; ® Accessory gearbox; Thermally neutraPhekinginefeil; .
Pumps (fuel pump, oil pursp, Pigpaps (fuel pump, ditidatIPJidIE}). ¢ Thermally neutral heat

Power gearbox (in geared turbfggavr\}gp DHiox (in geared turbofan transfer fluids (TNHTFs).

° Engine fuel;
Aire Engine fuel;
Air.

engines).

The process of designing and simulating an aero-engine thermal management system
couldlBegproRash efdesigninghynstsibagdatingda] T ergi SR ACEB Al ERANARRMSRO )ss
Evgopld PeginaththaerAnge phybissorIeb madsahel bagingheaksobrses, hunipyobres
wevslopiatg aneathammatiqebithe aabmedebipegrigina hearingte gearRavay Hperatingteotr
datiodsteTtherhiyimahlnasts geveloped o cachronveslubiies diffardidlopeisitegsan it dnis
pligsess fn7hovkeddvelope dedtriptivaveilideas delanfield Hnjveasityefde thispad post
Vilidfbdyrhd biiefdetedipsandottak srodblsy hattotbeira prdyd ded etogprdoeishwvabictided,
and the related pseudocodes and equations are provided in the below section.

2.2. Modeling Procedure

The Accessory Gearbox (AGB) drives the engine’s accessories, like the generator, fuel

and oil pumps, and hydraulic pumps. As a result, it is an essential element for the operation
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i I
Non-load Load dependent
dependent losses losses
: I
Gears churning
Bearings churning Bearings friction
Seals churning Gear mesh
Oil pump power
Gear churning Bearings churning Meshing gears
oL 1 @ ARC PLgo = Q. (fy X107, (. ptpi)?3. dp*) X 1073 PLg =Py -py -Hy
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0.45 701
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And for Rec = 222 > 9000
01 ;085 Voi —0.35
s G )
D D D
| Protar = PLoaddependent + PNO"_Ioaddependent
Figuiie 5. AGBheatt lloss calliculiiiomn.

The heat loads generated in bearings are friction losses caused by several types of
movements, such as sliding and rolling and drag between the lubricant and rolling el-
ements [21,22]. Sliding friction losses occur primarily at low speeds due to microslips
between surfaces during rolling motions, while rolling friction losses are caused by de-
formation effects and elastic hysteresis. Other heat loss mechanisms, including drag
friction and seal friction, are normally generated when the lubricant acts as a friction
force against the direction rolling elements and by the heat generated between the contact
surfaces between the seal rubber and shaft, respectively. To calculate the heat loads in the
bearings, a physics-based simulation program needed to be developed based on analyti-
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cal/mathematical models. SKF proposed that by having the value of the friction moment,
the total heat load generated in a bearing could be estimated as follows [23,24]:

Q=0.105x10"°Mn 2)

where Q is the thermal load in kW; M is the friction moment in N - mm; and 7 is the
shaft rotational speed in min~!. This is a very straightforward method, as a gas turbine
engine simulation program could calculate the rotational speed in each flight phase. So,
the problem is just calculating the friction moment in the bearing. A critical literature
review of the available modeling techniques showed different friction moment calculation

t. J. Turbomach. Propuls. Power 2024, 9, x FOR mgthpdolpgies. Three main methods are simplified approaches, load-based appgpaghes,
and correlation-based approaches. The most famous method in each category is presented
in Table 2.
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Figutesy BRazingheati s ealeulation

3. Results

The research results indicate that engine size (maximum thrust) has the most sig-
nificant impact on thermal load values, making it the primary parameter in the thermal
management system design process. To illustrate this effect, Table 3 lists typical heat load
values generated at take-off conditions for various sizes of civil turbofan engines. Three
case studies have been selected for this purpose:

e  The first case is a CFM-56 size engine with a take-off thrust of 18 klbf (80 kN). The
simulation results obtained by Cranfield’s in-house developed toolbox show that
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53 kW of heat load should be transferred to the engine oil at take-off condition,
including 18 kW from the accessory gearbox, 23 kW from the engine shaft bearings, and
another 12 kW from the engine pumps, seals, etc. The validity of the results is verified
through the MTU paper, which validated the heat loads of different components with
experimental data (Figure 3 in reference [27]).

e  The second case study demonstrated that increasing the engine size from a conven-
tional turbofan to a geared turbofan, such as the PW1100G with a take-off thrust
of 112 kN (25 klbf), dramatically increases the total heat to oil. The physics-based
model developed for this engine’s TMS system showed that the power gearbox is the
primary source of heat loads in geared turbofan engines. Despite the high efficiency of
planetary gearboxes (above 97%), significant heat is generated due to the large amount
of power transferred by this component [17].

e  For the third case study, one version of the UltraFan engine, an Ultra-High Bypass
Turbofan with a take-off thrust of 280 kN, is simulated. The results showed that even
with state-of-the-art PGB technology boasting over 99% efficiency, 592 kW of heat
load is generated during take-off (the engine’s low-pressure shaft power is around
64 MW [28]). Additionally, the heat load values in the bearings and accessory gearbox
increase proportionally to the engine’s thrust.

Table 3. Heat loads generated at take-off condition in different sizes of turbofan engines.

Take-Off Bearing’s Heat Pumps, Seals, Total
Case Study Thrust (k1bf) Load (kW) AGBW) PGB (W) etc. (kW) Heat (kW)
CFM56 size 18 23 18 - 12 53
PW1100G size 25 31 26 223 17 297
UltraFan size 63 55 53 592 23 722

3.1. Sensitivity Analysis of Heat Sources

An interesting result has been obtained from analyzing the heat loads at different
case studies through a preliminary sensitivity check, as illustrated in Figure 8. The thrust
(in klbf) and the heat loads produced by bearings, AGBs, and accessories (in kW) seem
to be linearly related and correlated. However, it is evident that the effect of the AGB on
heat loss generation increases with thrust. This should be considered in future high-power
engine design procedures. Moreover, while the results from the physics-based models for
accessories did not show a strong sensitivity to thrust, this can be explained by the fact
that the load on accessories typically does not change significantly. Although more real
data and case studies are needed to reinforce these conclusions, some quick remarks can be
listed as follows:

Overall, increasing the thrust leads to higher heat loads.
In low thrust values, the level of thrust (in kilbf) is well correlated with the value of
AGB heat load (case studies 1 and 2).

e By increasing the thrust value, the correlation is more obvious with the bearing heat
loads rather than those of the accessories.

e  The slope of the bearing heat load values is slightly higher than those of the AGB in
the low thrust ranges. However, at higher thrust levels, the slope for AGBs is higher
than that of the bearing heat load.

e  The thermal management system architecture design procedure is more sensitive
to bearings and AGB characteristics than to accessories characteristics. This should
be taken into account in the TMS design and development steps as well as in the
definition of degradation management strategies.

e As arule of thumb, a linear relationship could be fitted to the values of heat loads
generated in bearings and the accessory gearbox as a function of thrust value. A more
accurate curve-fitting procedure could be carried out by adding more case studies and
experimental data.
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sources. Consequently, the optimal design of AGBs for turbofan engines could be a very
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rate on engine component temperatures is included. The results highlight the importance of
accurate thermal management monitoring systems in next-generation propulsion systems,
particularly for the power gearbox in geared turbofan engines, as well as the need for
optimal thermal design of the accessory gearbox to reduce its sensitivity to the coolant

flow rate.
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Nomenclature
Symbol Unit
Ai 1‘1’12
AOHE

b m

d mm
D m

D4 inch
Dy inch
D 1 m

di m

di mm
f -
fo -

Fu N
fe -
FOHE

F, -

Fr N

h m
HEX

H, -

M N.mm
Mo Nm
M, -

n rpm
ng rpm
P N
Ppr. kW
P;, kW
PLg kW
PLgg kW
PLg kW
PLgo kW
Pmie kW
Py kW
Pgeny kw
Py kW
Q kW
Re -

t m
TBL Nm
TP Nm
Vil m3
144 Ib

Be degree
0 mm?/s
u -

U Pas
Hm -

v m?/s
0 kg/m3
w inch
Q rad/s

Meaning

Immersion surface area

Air Oil Heat Exchanger

Tooth face width

Bearing bore diameter
Diameter of the rotating element
Bearing bore diameter

Outside diameter

Planet bearing bore diameter
Shaft diameter

Pitch circle diameter

Friction coefficient

Bearing coefficient of loss
Axial load

External mesh coefficient of friction
Fuel Oil Heat Exchanger
Froude number

Radial load

Immersion depth

Heat exchanger

Gear loss factor

Friction moment

No-load torque planet bearing
External mesh mechanical advantage
Shaft rotational speed

Planet bearing rotational speed
Load of the bearing

Bearing power loss

Power input

Power loss in bearings

Bearing churning loss

Power loss in meshing gear
Gear churning power loss
Friction power loss at the sun/planet mesh
Friction power loss at the planet/ring mesh
Seals churning loss

Power loss due to windage
Thermal load

Reynolds number

Disk thickness

Torque loss per bearing

Planet gear torque

Oil volume

Equivalent total load
Sun/planet angle

Operating viscosity

Friction coefficient

Lubricant dynamic viscosity
Mean friction coefficient
Lubricant kinematic viscosity
Lubricant density

Bearing width

Rotational speed
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