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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 oil 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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components, and the architecture of the thermal management system will strongly depend
on the thermal load values and available heat sinks at different flight phases.
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Figure 1. A conventional TMS architecture for aircraft applications (adapted from [6]).
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In summary, the TMS should cope with three main challenges, including the compo-
nent surface temperature, the temperature of the working fluid, and increasing thermal
load values in new and next-generation propulsion systems [6]. The consequences of these
issues will negatively affect the aircraft’s fuel consumption and emission level due to its
sensitivity to weight, ram, and/or external aerodynamic drag caused by installing cooling
systems [5]. Figure 2 shows the thermal loads for different aircraft over time. The larger the
air vehicle, the more variety of heat sinks are required for dealing with the thermal loads
generated in the aircraft.
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Figure 2. Thermal loads over time (adapted from [8]).

It should be noted that although the above figure primarily illustrates the heat loads
over time for military engines, this trend is also applicable to civil aero-engines due to the
rising integration of electrically powered subsystems, the upcoming introduction of ultra-
high bypass geared turbofan engines, and the potential emergence of electrified propulsion.
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These advancements are anticipated to result in substantial increases in onboard waste heat
loads [2,5,9,10].

A more comprehensive literature review has shown that more than 1400 documents
were published from 1964 that were completely or partially related to aircraft TMS study. It
is evident that there is a significant increase in research interest in TMS, driven by the rising
power demand and thermal loads of aero-engines. This trend underscores the growing
importance of this topic (Figure 3). Almost 65% of the publications were conference papers,
and the rest were either journals or technical reports. This involves the introduction of an
integrated fuel thermal management system (combined airframe and engine) in [11] to
different TMS architectures with cryogenic fuels (e.g., hydrogen) in [12].
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Figure 3. Publication distribution over time regarding aircraft TMSs (obtained from Scopus [13]).

In general, based on Pal and Severson [14], the TMS procedure includes five steps,
which are heat loads developed in heat sources, heat acquisitions, thermal transport, heat
rejection, and heat absorption in the terminal heat sink. Heat sources can be systems or
components that generate excess heat either as a by-product of their function (such as
energy-inefficient systems) or as their primary function (like cabin heaters) that need to be
managed [5]. Heat acquisition will take place in the heat source components to transfer the
excess heat to the coolant (e.g., oil). The use of local cooling may only sometimes be feasible
in some cases, and waste heat must be transported over longer distances to heat sinks, so
this is where thermal transport mechanisms are required. Heat rejection mechanisms work
in a similar manner to heat acquisition mechanisms, or on the reverse principle. Finally,
the terminal heat sinks refer to the destination of the thermal energy (e.g., fuel and air). In
aircraft, fuel is an important heat sink since there is usually a large supply available that
can be transported from one part of the aircraft to another. Preheating fuel before inserting
it into the combustion chamber also has a thermodynamic advantage in enhancing the
thermal efficiency of the engine [7,12,15]; however, the use of fuel as a heat sink is not
without its risks and limitations, such as its flammability and tendency to coke when heated
above certain temperatures [1,16].

Therefore, it is important to have an accurate vision of the values and levels of heat
loads to develop the propulsion system heat map. This heat map will be used as an input
in the thermal management system’s design procedure. This paper presents and classifies
heat load values generated by heat sources at different classes of turbofan engines. A
preliminary sensitivity analysis is also carried out to illustrate the trend of technology in
TMS design for new and next-generation propulsion systems.
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2. Methodology and Approach

This section outlines the methodology and approach employed in this study. First, an
overview of the heat sinks and heat sources in a standard civil aero-engine is provided. Next,
the modeling process used to calculate power losses in various components is presented.
Following this, TMS models based on thermal load equations are created and integrated
with the engine model, which is developed in the MATLAB/Simulink environment. Finally,
the sensitivity analysis of heat sinks in the engine model is performed. The methodology is
presented in Figure 4 below.

Defining the Heat Sources
and Heat Sinks

Physics-based Modelling the
Heat Sources

Creating the Engine Models
in MATALB/Simulink

v
v

e . Integrate the Thermal Load
Perform Sensitivity Analysis < Models in the Engine Models
of Heat Loads

(TMS)

Figure 4. The paper methodology workflow.

2.1. Aero-Engine Heat Sources and Sinks

The thermal management system in gas turbine aero-engines is meticulously designed
to efficiently handle the thermal loads generated during operation. It utilizes coolants to
effectively transfer the thermal loads to heat sinks and distribute the thermal loads based
on their capacity at various flight phases. The specific design of the system is contingent
upon factors such as the number of heat sources, the thermal loads experienced during
different flight phases, the properties of the coolant, the size and capability of the heat
sink, the overall architecture of the thermal management system, and the type of cooling
mechanism employed. The typical heat sources, sinks, and coolants used in aero-engines
are listed in Table 1.

Table 1. Heat sources, heat sinks, and coolants used in aero-engines.

Heat Sources Coolant Heat Sinks
e  Bearings (engine shaft bearings); e  Engine oil; e  Encine fuel:
*  Accessory gearbox; e  Thermally neutral heat transfer . Arilrglne uel;
e  Pumps (fuel pump, oil pump, etc.); fluids (TNHTFs). '
[ ]

Power gearbox (in geared turbofan engines).

The process of designing and simulating an aero-engine thermal management system
could begin with creating a physics-based model of engine heat sources. This involves
developing a mathematical thermal model for engine bearings, gearboxes, pumps, etc.,
to calculate the thermal loads generated by each source under different operating con-
ditions. There is in-house developed software available at Cranfield University for this
purpose [17-19], and a brief description of the models, how they can be developed and
validated, 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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of the engine or the aircraft on which it is mounted. The power loss mechanisms inside the
gearbox can be separated into two groups: non-load-dependent losses and load-dependent
losses. Non-load-dependent losses include churning losses caused by gears, seals, and
bearings, and load-dependent losses are frictional losses caused by gears and bearings [20].
The power gearbox (PGB) is a reduction gearbox between the fan and the low-pressure (LP)
shaft, allowing the latter to run at a higher rotational speed, thus enabling fewer stages to
be used in both the LP turbine and the LP compressor, increasing efficiency and reducing
weight. In the context of the PGB, load-dependent losses include bearing friction loss and
gear mesh loss. Mechanical losses are generated by friction between mating gear teeth.
There are three types of load-independent losses: bearing churning losses, gear windage
losses, and oil seal losses. In comparison with other heat-producing mechanisms, the
latter is usually ignored since its contribution is very small. Fluid dynamic effects, bearing
viscous losses, and trapped fluid between gear teeth all contribute to these losses [17]. In
summary, the total power loss can be the sum of non-load-dependent and load-dependent
losses, as shown in the following equation:

Protal = PLoaddgpL,ndm, + PNon—loadd(,pendg,,t 1)

The complete explanation of the required equations for AGBs and PGBs was detailed
in previous works [17-19], so in order to avoid repetition, these equations are presented in

Figures 5 and 6, respectively.
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Figure 5. AGB heat loss calculation.

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=0105x10"°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
methodologies. Three main methods are simplified approaches, load-based approaches,
and correlation-based approaches. The most famous method in each category is presented
in Table 2.

PGB Heat Losses

Calculation
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Figure 6. PGB heat loss calculation.

Table 2. Methods for calculating bearing friction moments.

Method Formulation Reference
I — 2 6) [23]
M = My + M;
2
I My = 1077 x fo(dn)3d5, 4) [22]
My = f1Pidn

111 M = 0.0264w (D1 + D)? 4 3.24 x 1075W15 ) [25]
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SKF proposed the first method as a simplified technique to calculate the friction
moment in bearings. In this method, y is the friction coefficient typically selected from
publicly available tables (based on the bearing type), P is the bearing load in N, and d
is the bearing bore diameter in mm. Therefore, the heat loads generated in each bearing
can be calculated by utilizing Equations (2) and (3), along with an engine performance
simulation program.

The second method is one of the most precise methods in friction moment calculation.
In this approach, the friction moment is divided into two main parts: load-dependent and
non-load-dependent parts. The non-load-dependent part (M) is a function of fy, which
is the index for bearing type and lubrication type, ¢, which is the operating viscosity in
(mm?/s), n, which is the bearing speed (rpm), and dm, which is the pitch circle diameter
((D + d)/2). The load-dependent part (M;) is caused by the bearing load (P;). In this
equation, f1 represents the index for bearing type and lubrication type. In this method, fg
and f1 are chosen based on the bearing type and can be found in publicly available tables
(e.g., references [23,26]).

The third method is a correlation-based strategy. Dr. Styri of SKF proposed it based on
his ball-bearing loss measurements. In this method, w is the bearing width (inch); D; is the
bore diameter (inch); D; is the outside diameter (inch); and W is the equivalent total load
(Ib). The literature and experimental validations from researchers in the field consistently
support the conclusion that the second method is more accurate and better represents the
actual heat loads generated by aero-engine bearings. Additionally, this method offers the
advantage of modularity, dividing the friction moment into load-dependent and non-load-
dependent parts. This allows for a more precise estimation of heat load at various flight
phases based on the bearing loads, providing valuable insights for designers. Moreover,
there are several reliable references for fo and f; that cover different types of bearings. This
method could also be used in other applications where the bearing types are similar to aero-
engines (e.g., maritime and land-based gas turbines). Therefore, method II was selected for
developing the simulation program in this paper. Figure 7 illustrates the summary of three
methods for bearing heat loss calculation.

Bearing Heat Losses
Calculation

A 4

Main formula

Calculate M—— Q = 0.105 X 10_6M n Calculate M
I
Calculate M
¥ A
Simplified method Load-based method Correlation method
2M M= Mo+ My 2 —51y715
p=— ) M = 0.0264w(D; + D;)* + 3.24 x 10>W*
Pd My = 1077 x f,(9n)3d3,

M, = fiPdy,

Figure 7. Bearing heat loss calculation.

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) AGB(W) 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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Figure 8. Heat loads of different components vs. engine thrust.

Another important aspect of the TMS that requires discussion is the variation in PGB
mechanical efficiency throughout the flight mission. Although PGBs typically achieve
high efficiency (over 95% in modern engines), the heat loss remains significant due to the
substantial amount of power transferred by this component. Figure 9 shows PGB heat
loss at different flight phases for the third case study. The heat load generated in the PGB
is a function of many parameters, including low-pressure shaft power, rotational speed,
geometry, oil characteristics, and material. Based on the physics-based equations, the most
important parameters in this regard are the shaft power and the rotational speed [29]. As a
result, the maximum heat load is generated at take-off and the beginning of the climb.

200 PGB
Idle: 1
Take off: 2
600 Begin climb: 3
2 Climb: 4
= End climb: 5
-(E s00 Strat cruise: 6
- End cruise: 7
S 400 - Begin descent: 8-
T End descent: 9
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Figure 9. PGB heat loss during flight.

Figure 10 shows the variation of mechanical efficiency in the PGB at different flight
phases. It should be noted that the efficiency is being changed at each flight phase (the
results are coming from the physics-based model presented in [17]). However, except
during idle conditions, this value consistently remains above 97%. Therefore, a useful
guideline is that the heat load generated by the PGB in geared turbofans can be constrained
as follows:

Qpcp < 0.03 X Prp spaft (6)
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Figure 10. PGB mechanical efficiencies during flight.
3.2. Sensitivity Analysis of Heat Sinks

After discussing the heat sources and their values, an initial study was conducted to
determine the effects of oil mass flow on PGBs, AGBs, and bearing exit oil temperature.
Two scenarios have been defined and simulated in this regard:

e  Scenario I: Increase/decrease the oil mass flow rate in all components (changing the
size of the oil pump and the oil tanks accordingly).

e  Scenario II: Changing the distribution of the oil flow rate in the components (in
this scenario, the size of the oil pump and other TMS components is fixed, but the
characteristics of the 3-way valve that distributes the oil flow rate to the bearing, AGB,
and PGB compartments will be changed).

Figure 11 shows the result of scenario I. Decreasing the oil mass flow rate impacts
the surface temperature and performance of all components, with the PGB being the
most sensitive. This highlights the need for a precise health monitoring system for PGB
lubrication in geared turbofan engines. While increasing the oil flow rate can reduce the
compartment temperature, it requires a larger oil tank and a heavier thermal management
system. This may be impractical from a design and manufacturing perspective and could
negatively affect the overall propulsion system performance due to the additional weight.

Effect of Oil Mass Flow Changes

I Bearings
2r [ AGB
[I— ]

Oil Exit Temperature Change (%)
|
(o]

-20 20
Oil Mass Flow Change (%)

Figure 11. The effect of the oil mass flow rate on the exit temperature (scenario I).

Furthermore, Figure 12 presents the results of scenario II, in which, in one set of
results, 90% of the oil flow rate will go through the PGB, 5% to the AGB, and 5% to
the bearings. In another set of results, 70% of the oil will be circulated in the PGB, and
15% for the bearings and AGB will be used. The results indicate that the temperatures
at the AGB exit oil are more influenced by distribution differences than other exit oil
temperatures. This suggests that the design of the bearings and PGB is approaching an
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optimal configuration, where variations in the oil flow rate will not significantly impact the
exit oil temperature. According to [30,31], for the engine components, there is an optimum
design point where oil mass flow should not significantly affect the exit temperature of the
heat sources. Consequently, the optimal design of AGBs for turbofan engines could be a
very challenging topic for future research studies.

Effect of Oil Mass Flow Distribution (PGB, AGB, Bearings)
Default (0.8, 0.1, 0.1)

[ Bearings
6 [ AGB 1
| —lc}

Oil Exit Temperature Change (%)

(0.9, 0.05, 0.05) (0.7, 0.15, 0.15)
Oil Mass Flow Distribution

Figure 12. The effect of oil mass flow distribution on the exit temperature (scenario II).

4. Conclusions

This paper presents a methodological approach to analyzing the behavior of heat
sources and heat sinks in the thermal management of propulsion systems. A set of physics-
based models for simulating heat sinks is introduced. Three civil engines with differ-
ent thrust values—a high-bypass turbofan, a geared turbofan, and an ultra-high bypass
turbofan—are selected as case studies to discuss heat load values in engine bearings, the
accessory gearbox, and the power gearbox. The sensitivity of heat load values to engine
thrust is also examined to illustrate the correlation between these parameters. Generally,
increasing the thrust leads to higher heat loads. However, the heat loads of accessories
show minimal sensitivity to thrust changes. In contrast, the sensitivity of heat loads for
bearings and the AGB significantly increases. This should be taken into account in the TMS
design and development steps as well as in the definition of degradation management
strategies. Additionally, a preliminary sensitivity analysis of the effects of the coolant flow
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
PLpg 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
1 -

U Pas
Hm -

v m?/s
0 kg/m?
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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