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ABSTRACT: The rapid increase in onboard heat loads has made aircraft thermal management a critical issue.
As an important part of the fuel thermal management system (FTMS), the dynamic thermal characteristics of the
engine oil system (EOS) directly determine temperature regulation and fuel heat sink utilization, necessitating further
investigation. In this paper, a novel dynamic heat transfer model for the oil pump was firstly developed through
temperature step experiments. Subsequently, a transient flow and heat transfer model of the oil loop was established
using the thermal fluid network (TFN) method, and the influence of thermal inertia on thermal response was analyzed.
Finally, the impact of the dynamic thermal effects of the EOS on thermal management performance was quantitatively
evaluated under an integrated FTMS architecture. Experimental results show significant temperature stratification
within the pump body due to large heat conduction resistance. Compared with the single-layer model, the developed
double-layer model achieves a 90.25% reduction in temperature prediction errors. In addition, increases in rotational
speed and fluid temperature enhance the fluid-solid coupled heat transfer within the pump, while the increase in
volumetric efficiency weakens this process. The relative error of the developed empirical correlation for heat transfer
within the pump is less than 12%. During operating condition switching, the response delay in thermal parameters can
reach 273.7 s, indicating that the fuel supply from the plane needs to be regulated in real time according to the varying
oil heat load to prevent both system overtemperature or the waste of fuel heat sink, since the traditional quasi-steady
regulation strategy leads to a temperature deviation of up to 4.37 K. Nevertheless, the total heat capacity within the
EOS alternately stores and releases heat under a periodic combat mission, with the opposing effects on fuel heat sink
consumption canceling each other out. In this case, the integrated FTMS achieves almost the same thermal endurance
as that without considering the dynamic thermal effects of the oil loop. Therefore, the thermal inertia of the EOS must
be considered in precise temperature control but can be neglected in thermal endurance evaluation. The findings of this
paper provide strong support for dynamic thermal modeling of the EOS, system temperature control, and performance
evaluation integrated with fuel thermal management.

KEYWORDS: Engine oil system; dynamic thermal characteristics; fuel thermal management; gear pump; heat capacity;
fuel heat sink; temperature control; thermal endurance

1 Introduction

In recent years, aircraft performance has been continuously enhanced to accommodate increasingly
complex flight missions, leading to a substantial rise in onboard heat loads and posing severe challenges
for thermal management [1]. Additionally, heat rejection to ambient air is impeded by several factors: the
extensive use of low-thermal-conductivity composites in the fuselage, stealth-imposed restrictions on air
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intake, and significant aerodynamic heating at high speeds [2-4]. To address this issue, fuel has emerged as
the primary heat sink in advanced aircraft due to its large capacity and superior thermal stability [5], driving
the rapid development of fuel thermal management system (FTMS) [6-10].

In the FTMS, fuel drawn from the fuel tank sequentially absorbs heat loads from airborne subsystems
and the engine before entering the combustor. To meet cooling requirements and prevent fuel coking,
multiple temperature limit points are typically set within the FTMS [11]. When the cooling fuel flow exceeds
that required for combustion, the excess fuel, referred to as hot fuel return (HFR), is cooled by ram air and
returned to the fuel tank. Under the combined effects of HFR and high airborne heat loads, the temperature
of fuel entering the engine progressively increases, threatening the effectiveness of engine cooling [12,13].
Moreover, as the engine is positioned at the hottest end of the FTMS, its waste heat transferred to the fuel
directly determines the aircraft’s thermal safety. Therefore, the thermal characteristics of engine thermal
management subsystems require focused attention. Among engine heat loads, the heat load from the engine
oil system (EOS) is inherent [14], which serves as the research focus of this paper.

Advanced EOS adopts a circulating loop design, with the oil tank typically kept in a hot state to facilitate
gas removal [15]. Oil from the oil tank is cooled by fuel or air through heat exchangers before being supplied
to the bearing chambers and gearboxes for lubrication and cooling, and then returns to the oil tank [16].
Similarly, there exists an upper limit on the operating temperature of oil due to oxidation stability [17], and
enhancing the heat transfer capability of both heat exchangers [18,19] and circuits [20,21] is an essential
approach to preventing oil thermal failure, which reduces the temperature difference for heat transfer. In
addition, the heat transfer rate from the EOS to the fuel, referred to as oil heat load within the FTMS,
directly affects both fuel flow regulation and fuel heat sink consumption [7], and thus needs to be accurately
captured rather than assumed as fixed values. In steady-state studies, Lu et al. [22] developed simulation
software for the EOS based on the thermal fluid network (TFN) method to obtain the distribution of flow
and heat transfer parameters. Liu et al. [23] established a simulation model of the EOS with multiple circuits
using the heat current method and elucidated the variations of fluid temperatures and heat transfer rates
with boundary parameters. Leng et al. [24] calculated bearing heat generation and system heat dissipation
under various operating conditions based on an airframe-engine integration approach. Nevertheless, rapid
variations in oil heat generation frequently occur during flight due to its direct correlation with engine
thrust and rotational speed [15], while the cooling fuel flow is continuously regulated under temperature
limitations [7], highlighting the thermal response delay caused by the fluid and solid heat capacities of
components within the system. Gou et al. [25] reported the significant effect of fluid-solid coupled heat
transfer on the fuel temperature at the fuel nozzle. Consequently, establishing a dynamic heat transfer model
of the EOS is crucial for accurately predicting the oil heat load.

From a component perspective, research on dynamic heat transfer models for tubes has been relatively
thorough. Han [26] established a one-dimensional transient flow and heat transfer model for tubes applicable
to TFN calculations through element discretization. Lin et al. [27] further considered the influence of
additional heat capacity caused by supports and other structures. In contrast, research on dynamic heat
transfer models for pumps with large solid heat capacity remains in the exploratory phase. Computational
fluid dynamics (CFD) is a commonly used approach for obtaining transient flow and heat transfer parameters
in pumps. Zhai et al. [28] proposed a stepwise method based on different time scales for simulating fluid-solid
coupled heat transfer in hydrogen circulating pumps (HCP), implemented with the STAR-CCM software.
Li et al. [29] revealed the dynamic evolution of key parameters within an aviation piston pump using the
ANSYS software. Cui and Shi [30] employed the Pumplinx software to calculate the transient thermal effects
of the flow field within an internal gear pump. However, CFD suffers from low computational efficiency,
which hinders its integration into fast-response system-level dynamic simulations. To accelerate calculations,



Front Heat Mass Transf. 2026;24(4):1 3

Yang et al. [31] developed a machine learning model for an external gear pump based on experimental
data. Additionally, some scholars adopted the lumped parameter method (LPM) to divide control volumes
inside the pump, thereby quantitatively evaluating the fluid-solid coupled heat transfer processes [32-34].
Nevertheless, the aforementioned models either rely on extensive experimental data or require detailed
structural parameters and complex empirical heat transfer correlations, resulting in limited applicability and
necessitating further improvement.

Research on the overall dynamic thermal characteristics of the EOS remains scarce. Wang et al. [14]
investigated the dynamic thermal behavior of the EOS across the mission profile based on the AMESim
software, providing support for the reuse of oil waste heat in the environmental control system (ECS).
Yang et al. [35] analyzed the dynamic thermal performance of a fuel-oil thermal management system
using the TFN method and achieved effective regulation of limit temperatures through a variable-step
control algorithm, in which only a transient flow and heat transfer model for tubes was established, without
accounting for the dynamic thermal effects of the oil pump or quantitatively evaluating the fluid-solid
coupled heat transfer process. Yevlakhov et al. [36] calculated the dynamic temperature response of both fuel
and oil under mode switching with the TFN method and discussed scenarios involving overtemperature.
However, these studies lack a detailed discussion on the coupled effects of fluid and solid heat capacities
on the system’s dynamic thermal characteristics, and the impact of thermal inertia within the EOS on fuel
thermal management performance remains unclear.

In summary, to further investigate the dynamic thermal characteristics of the EOS integrated with fuel
thermal management, the main contributions of this paper are as follows:

o An efficient transient flow and heat transfer model for the oil pump was constructed based on
temperature step experiments, with the influence of operating parameters on fluid-solid coupled heat
transfer mastered and the corresponding empirical correlation developed.

o A dynamic simulation model of the EOS was established using the TFN method, and the system’s
thermal inertia was quantitatively evaluated.

« In the context of fuel thermal management, the impact of the dynamic thermal effects of the EOS on
fuel flow regulation and fuel heat sink consumption in the FTMS was elucidated.

2 Dynamic Heat Transfer Model of Oil Pump
2.1 Experimental System

The experimental system for the transient flow and heat transfer characteristics of the oil pump is
depicted in Fig. 1, where the pump is selected as an external gear pump (positive displacement type)
commonly used in the EOS [15], and the working fluid is 4050 aviation lubricating oil [37]. The supply section
comprises a cold oil tank and a hot oil tank, each equipped with a mixer to ensure uniform temperature
distribution. Pumps 1 and 2 provide inlet pressurization for the oil pump to prevent cavitation. Pressure
regulating valves 1 and 2 (PRV 1 and PRV 2) are employed to maintain the oil supply pressure, with excess
oil bypassed to the supply tanks. Switching valve (SV) is a three-way valve that generates step changes in the
oil pump’s inlet temperature to facilitate the observation of dynamic thermal characteristics. Needle valve
(NV) is used to alter the volumetric efficiency of the oil pump by regulating its outlet pressure. All pumps
are driven by variable-frequency motors, with their rotational speeds adjusted to meet the required oil flow
rates. In this study, all experimental conditions adopt step changes from low to high temperatures. After the
experiment, the used oil in the recycling oil tank returns to the supply tanks under the action of a cooler and
a heater.
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Figure 1: Schematic diagram of the experimental system’s working principle.

Sheathed T-type thermocouples T1 and T2 are installed upstream and downstream of the oil pump to
measure fluid temperatures, respectively, and a surface-mounted T-type thermocouple cluster T3 is arranged
on the external surface of the pump body to measure solid temperatures. Pressure taps P1 and P2 are
positioned to obtain the pump’s pressure rise by a differential pressure gauge, and a gear flowmeter is placed
downstream to measure the volumetric flow rate. All thermal-hydraulic data are recorded in real time at
a time interval of 0.1 s. Fig. 2 exhibits the distribution of the oil pump’s temperature measurement points
in detail, where T1 and T2 are installed at points a and b, respectively, and thermocouples 1-10 (T3) are
distributed at different thickness positions of the pump body to measure temperature variations within the
solid, including the end cover, side wall, shaft housing, and base. Specifically, temperature measurement
points 3-6 are located at the thin-walled section, while other measurement points are located at the thick-
walled section. To eliminate the effects of heat dissipation to the environment, the oil pump and its associated
pipelines are fully covered with insulation layers. The performance parameters of the aforementioned sensors
are listed in Table 1.

Flow direction View 1

Figure 2: Distribution of temperature measurement points for the oil pump.

Table 1: Performance parameters of flow and thermal sensors.

Sensor Range Accuracy
T1, T2 0°C-260°C 0.5°C
T3 0°C-260°C 0.5°C
Differential pressure gauge 0-2 MPa 0.1%

Flowmeter 0-40 L/min 0.5%
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The oil pipelines within the experimental system are constructed from 316 L stainless steel circular tubes
with inner and outer diameters of 8 and 10 mm, respectively. Due to installation requirements, T1 and T2 are
positioned 5 cm away from the actual inlet and outlet of the oil pump, respectively. The transient flow and
heat transfer model for tubes established in Ref. [26] is used to correct the temperature response delay caused
by the connecting tubes, where the fluid-solid coupled heat transfer coefficients (HTC) under laminar and
turbulent flows are calculated using the Sieder-Tate and Gnielinski correlations, respectively [38,39], and the
Darcy friction factor for turbulent flow is determined by the Konakov formula [40]. The internal flows of
an external gear pump are illustrated in Fig. 3. As the gear pair rotates, oil is delivered from the inlet to the
outlet, with the motor speed regulated by a frequency converter. There exist two mixing chambers with the
same volumes at the two ports, and a portion of the oil leaks from mixing chamber 2 to mixing chamber 1
under the action of differential pressure and gear engagement [41]. The incoming flow and internal leakage
mix with the fluid in chamber 1 before entering the oil delivery path, and the two delivered oil streams mix
with the fluid in chamber 2 before being discharged or leaking back to chamber 1. The oil pump is made of
304 stainless steel, with main parameters presented in Table 2, where d,, is the internal diameter at the two
ports, V¢ 4 and Vg are the volumes of the delivery path and a single mixing chamber, respectively, and m;,
and 7, denote the pump’s total solid mass and total efficiency, respectively.

Oil delivery path

Mixing

Figure 3: Schematic diagram of internal flows for an external gear pump.

Table 2: Main parameters of the oil pump.

Parameter (Unit) Value
d, (mm) 25.4
Vi.q (m*/r) 3.086 x 107
Vie (m?) 3.344 x 10~
ms (kg) 10.61
T 0.58

2.2 Fluid-Solid Coupled Heat Transfer Modeling

When oil flows through the pump, the temperature response at the outlet is influenced not only by
the fluid’s heat capacity within the pump but also by the heat transfer between the fluid and solid due to
temperature difference, and the latter mechanism is the focus of this section. Unlike complex partitioning
strategies for quantitative calculations [32-34], the solid zone, including the end cover, shell, gears, etc.,
is integrated here using the LPM, which reduces the number of heat transfer variables and facilitates the
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determination of unknown parameters from experimental data. Note that this modeling method is applicable
to various types of pumps, demonstrating good generalizability. Additionally, inspired by the additional heat
capacity method developed in Ref. [27], a layered model is further proposed to address the potential non-
uniform temperature distribution within the solid zone caused by the thick pump body, in which the body
is divided into two layers. The architectures of the two fluid-solid coupled heat transfer models are depicted
in Fig. 4.

Body 2
10,
[ e —r—
Ol delivery tQh i ] ~ Oil delivery th,,l (1] Ji[]~]
0 = Discretization [0) = Discretization
|V, y “up|v,

Vi

Inlet v Outlet Inlet : Outlet
Mixing ot Mixing Mixing R Mixing
chamber 1 chamber 2 chamber 1 chamber 2
(a) Single-layer (b) Double-layer

Figure 4: Fluid-solid coupled heat transfer models of gear pump based on the LPM. (a) Architecture of the single-layer
model; (b) Architecture of the double-layer model.

Fig. 4a shows a single-layer model, characterized by treating the entire pump body as a single lumped
element. Fig. 4b presents a double-layer model that divides the body into inner and outer layers (body 1 and
body 2) to consider the temperature gradient within the body. In addition to the convective heat transfer
between the fluid and solid in the single-layer model, the double-layer model also accounts for the heat
conduction between the inner and outer layers. Next, governing equations for transient flow and heat transfer
within the pump are established in detail. As the fluid is liquid, it is regarded as incompressible, with the
average fluid temperature within the pump taken as its reference temperature. Besides, the temperatures of
each body element are treated as their respective reference temperatures.

At the mixing chambers, conservations of mass and energy are satisfied:

Z Vf,in = Z Vf,out’ 1)

dTs : )
dt)c = Z Vtin Tf,in - Z V¥ out Tf,out’ (2)

Vi

where Vi, and Vg oy are the volume flow rates into and out of the chamber, respectively, Tg . is the fluid
temperature within the chamber, ¢ is the time, and T ;, and Tf oy are the fluid temperatures flowing into
and out of the chamber, respectively.

To accurately capture the temperature response delay due to fluid transport from chamber 1 to chamber
2, the oil delivery path is discretized along the flow direction. Additionally, both heat generation and various
fluid-solid coupled heat transfer processes within the fluid zone are uniformly incorporated into the delivery
path to simplify modeling, yielding the following transient temperature equations for the fluid and solid
elements in the two models [42]:

(a) Single-layer

pecpeVea dTr g,
N dt

. Qp . de i~ Ts .
= pecp.e Vit (Trdjin — Trdiout); + —— — Qn - i=1,...,N, (3)
CON TR (T - TY)
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T, .
mscp,sE = Qh. (4)

(b) Double-layer

pecpeVea dTr g, - Qp . Tt,a,i — Ts,1 )
= pecp,t Vi (Tr.a)in = Trdout); + — — Q1 i=1,...,N, (5
N dt g N SN (Trai - To)
darT. . .
Wls,lcp,s,ld—;’1 = Qn,1— Qn,2» (6)
darT. .
Ms2Cps,2 dst,z = Qn,2> (7)

where p and ¢, are the density and specific heat at constant pressure of the medium, respectively, the
subscripts “f”, “s”, “1”, and “2” represent the fluid, solid, inner, and outer layers, respectively, N is the
number of fluid elements in the delivery path, Tf 4 ; is the temperature of the i-th fluid element, Vi
is the theoretical volume flow rate, Tt q,in and Tf g ou: are the fluid temperatures flowing into and out
of the delivery element, respectively, Q, is the pump’s heat generation rate, T, is the solid temperature
of the integrated pump body, both Qy, and Qh,1 are the convective heat transfer rates from the fluid
to pump body in different models, and Qn.» denotes the conductive heat transfer rate from the inner

layer to the outer layer.

In Egs. (3) and (5), Vi and Qp are calculated as [26,41]:

Vi = np Vids (8)

) 1 )

Qp:(__l) APqu, (9)
Np

where n, and Ap,, are the rotational speed and pressure rise of the pump, respectively, and V; denotes the
actual volume flow rate.

The volumetric efficiency of the pump (7) is employed to evaluate the oil supply capability, which is
defined as the ratio of V; to Vf,t [41]:

Vi
T Vi
Due to the difficulty in determining the heat transfer area (A) caused by unknown internal structural
parameters in practical engineering applications, heat conductance (KA) is adopted to characterize the heat
transfer process, where K denotes the HTC. Accordingly, the aforementioned heat transfer rates can be given
by [42]:

Qnh = (KA), (Tra-Ty) s (11)
Qhi1 = (KA)y,, (Tra - Tei), 12)
Qna = (KA) 5 (Tsx - Ti2) » (13)

where (KA),, (KA)y ;»and (KA), , represent the heat conductance from the fluid to the body, from the fluid
to the inner layer, and from the inner layer to the outer layer, respectively, and Tt 4 is the average temperature
of the fluid elements in the oil delivery path.
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To facilitate subsequent discussion, the mass fraction of the inner layer in the pump body (p) is
defined as
Ms,1

B= ) (14)

Mg

During temperature step changes, the factors affecting the fluid-solid coupled heat transfer process
include the flow distribution inside the pump and the thermophysical properties of both the fluid and the
solid. The former is determined by V¢, and V;, functions of n, and #, for a given pump, while the latter
is determined by the upstream fluid temperature measured at point a (Tt ,). Therefore, the independent
boundary parameters for pump operation in the experimental setup are only n,, 7y, and Tt ,, where the
upper limit of Tg, is constrained by the temperature resistance of the SV (90°C). During the experiment,
the temperature step magnitude is set to 30°C. Now, a baseline condition is set to compare the accuracy of
dynamic temperature predictions from the two lumped parameter models, as detailed in Table 3.

Table 3: Operating parameters of the baseline condition.

Parameter (Unit) Value
np (r/min) 290
v 0.85
Tt (°C) 30-60 (step change)

During the temperature step change, the unknown parameters (KA),, (KA), |, (KA), ,, and  in the
two models vary due to changes in the thermophysical properties of the medium caused by temperature
variations, posing challenges for solving the models. To characterize this process, the average temperature
during thermal equilibrium of the oil pump before and after the step change is selected as the reference
temperature for these parameters, thereby allowing them to be treated as constants in each test. Note that
although this approach exists a certain deviation from the actual conditions, the relatively small temperature
step-change range ensures the accuracy of using the average temperature to correct for the influence of
thermophysical properties on these unknown parameters, which will be further validated by the subsequent
inversion results. Since these unknown parameters cannot be directly obtained from experimental data,
an inversion method based on the particle swarm optimization (PSO) algorithm is employed here [43], as
depicted in Fig. 5. The optimization objective is to minimize the average absolute error (§) between the
calculated and experimentally measured fluid temperatures at point b (Tt 1, ca1 and T p,exp), €xpressed as

ZjN:Il ‘Tf,b,cal - Tf,b,exp‘j

M

8= , (15)

where M is the total number of recorded points during the step process.

After calculation, the inversion results of the unknown parameters for the two models under the
baseline condition are presented in Table 4, where the thermophysical properties of the fluid and solid
are sourced from Refs. [37,44]. Since Eq. (15) represents the average error over thousands of measurement
points, measurement uncertainty may induce a certain influence on the inversion results, which needs to
be quantitatively evaluated. Here, random errors are added to the experimental results under the baseline
condition according to the accuracy ranges of the sensors, and the unknown parameters of both the single-
layer and double-layer models are inverted again. The calculation results show that after adding random
errors, (KA), deviates by 30.13%, while B, (KA), ,, and (KA), , deviate by only 1.09%, 0.63%, and 3.52%,
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respectively, relative to those in Table 4. Therefore, compared to the single-layer model, the double-layer
model can not only accurately describe the dynamic thermal behavior of the pump, but also resist the
interference of experimental measurement uncertainty on the inverted parameters, demonstrating higher
robustness, which benefits from its accurate description of the underlying physical mechanisms.

Input model and variation ranges of unknown parameters

1

Search for unknown parameters that minimize & based on PSO method

1

Output unknown parameters and calculation results

End

Figure 5: Flowchart for inverting unknown parameters based on PSO method.

Table 4: Inversion results of unknown parameters for the two models under the baseline condition.

Model Parameter (Unit) Value
Single-layer (KA), (W/K) 13.39
B 0.352

Double-layer (KA), , (W/K) 35.99
(KA), , (W/K) 9.03

The dynamic thermal comparisons of the two models are illustrated in Fig. 6, where T y,1—Ts w10 are
the solid temperatures measured at the wall measurement points 1-10 depicted in Fig. 2, and the subscripts
“exp” and “cal” denote the experimental and calculated values, respectively.

Fig. 6a,c reveals that Tfp exp increases more slowly than Tf, .., during the step process, which is
mainly attributed to the heat absorbed by the pump body under the action of temperature difference
between the fluid and the solid. This phenomenon also indicates that the heat capacity of the pump body
cannot be neglected for precise dynamic temperature calculations. Additionally, the fluid volumes stored
between temperature measurement points a and b introduce a time delay in the response of Tk p exp, and the
discretization method applied to the fluid domain describes this feature well in both models. However, the
single-layer model exhibits larger prediction errors for T}, compared with the double-layer model, where
Tt b is overestimated in the early stage of the step response (before point A) and underestimated in the later
stage (after point A). The reason for this phenomenon lies in the temperature stratification within the pump
body caused by the large heat conduction resistance, as illustrated in Fig. 6b, which is governed by a large
Biot number (Bi = 3.99, defined as (KA), , / (KA),, ,) [42]. During the early stage, intense convective heat
transfer occurs between the fluid and the inner layer of the pump body, while heat conduction between the
inner and outer layers is weak. Under this combined effect, the inner layer temperature rises rapidly, but the
outer layer temperature remains almost unchanged. Subsequently, the convective heat transfer diminishes as
the temperature difference between the fluid and solid decreases, while the increased temperature difference
between the inner and outer layers enhances the heat conduction, thereby slowing down and accelerating
the temperature rises of the inner and outer layers, respectively. In this case, the inner layer temperature
exhibits a convex curve over ¢, while the outer layer temperature shows a concave curve. Fig. 6¢ demonstrates
the variations of different heat transfer mechanisms with ¢ in the two models. Consequently, T; fails to
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accurately describe the body’s dynamic thermal behavior, since it merely represents an average level of fluid-
solid coupled heat transfer, resulting in Qp, < Qn,; and Qp, > Qn; before and after point A, respectively, which
further explains the variation characteristics of Tt p, c,1 in the single-layer model.

A
T _ETs,w,z Tows— Toua
60y (/ ______ s 1 60 Tws iTs,w,ﬁ Ty Tiws |
Y 60 S,Wy
~ 50 ; 1
S 0
&~
P et ] 1
20 Tf,a,exp
—T,
30f = 15i 20 25 30 T“"“P | _
f,b,cal
0 50 100 150 200 250 300 0 50 100 150 200 250 300
t(s) t(s)
(a) single-layer (b) single-layer
A
60 - ( ke tt— 60+ 1
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~ 50 {4 ~ 50} i
< % <
&~ &~
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Figure 6: Dynamic thermal comparison results of the two models under the baseline condition. (a) Fluid temperatures
of the single-layer model; (b) Solid temperatures of the single-layer model; (c) Fluid temperatures of the double-layer
model; (d) Solid temperatures of the double-layer model; (e) Heat transfer rates of the two models.
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In contrast, the double-layer model effectively addresses this issue, as shown in Fig. 6d, thereby
achieving high-precision prediction of Tt . After calculation, the double-layer model can decrease & from
0.78 to 0.08 K (corresponding to 90.25%) for the early stage compared to the single-layer model, which is
adopted for subsequent calculations. To directly obtain the average temperatures of the inner and outer layers
(Ts,w,i and TS,W,O) from the wall temperature measurement points, the following selection method is defined:

e Ts,w,3 + Ts,w,4

Ts,w,i = f (16)
— Tswi+ T
Ts,w,o _ s,w,1 . S,W,2 ) (17)

It can be observed from Fig. 6d that TS,W,i and Ts,w,o are in good agreement with T;; and T,
respectively, providing guidance for experimentally obtaining the temperatures of each layer under non-
thermal equilibrium conditions. Moreover, to improve inversion accuracy, both g and (KA), , in the
double-layer model are fixed, which are calibrated using the baseline condition, thereby only (KA), , needs
to be inverted for other operating conditions.

From the above analysis, it can be seen that the fluid-solid coupled heat transfer within the oil pump
significantly influences the response of the outlet fluid temperature during the step-change process, which
poses difficulties for system temperature control. To mitigate this phenomenon, two approaches can be
adopted: reducing the intensity of the fluid-solid coupled heat transfer and lowering the heat storage capacity
of the pump body. Specifically, the former can be achieved by reducing the fluid-solid coupled heat transfer
area or by introducing thermal insulation materials with low heat conductivity into the pump body. The latter
can be achieved by using high-strength materials to make the pump body thinner while still satisfying the
mechanical performance requirements.

2.3 Analysis of Parameter Influence

A double-layer model for calculating the dynamic heat transfer process of the oil pump has been
established in Section 2.2. Next, the influence of the oil pump’s operating parameters on (KA),, , is explored
on the basis of the baseline condition, with experimental conditions detailed in Table 5, where Tt , is
increased in increments of 10°C while keeping the step magnitude unchanged to investigate its influence.
Similarly, the inversion method depicted in Fig. 5 is used to obtain (KA), , under different conditions, and
the variations of (KA), , with operating parameters are illustrated in Fig. 7.

Table 5: List of experimental conditions for parameter influence analysis.

Sequence Number np (r/min) 1, T¢, (°C)
1 145 0.85 30-60 (step change)
2 2175 0.85 30-60 (step change)
3 362.5 0.85 30-60 (step change)
4 290 0.65 30-60 (step change)
5 290 0.75 30-60 (step change)
6 290 0.95 30-60 (step change)
7 290 0.85 40-70 (step change)
8 290 0.85 50-80 (step change)
9 290 0.85 60-90 (step change)
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Figure 7: Variations of (KA)h)1 with operating parameters. (a) Influence of np,; (b) Influence of #; (c) Influence of T .

Fig. 7a indicates that (KA), , increases as n, increases, which is attributed to the increase in fluid
flow velocities within the pump. However, (KA), , decreases as 7, increases, as shown in Fig. 7b. This
phenomenon is caused by the change in the flow distribution within the pump. As shown in Fig. 3, at a given
1y, Vi1 is fixed, while increasing 77, reduces the internal leakage flow, thereby weakening the intensity of fluid-
solid coupled heat transfer. Additionally, it can be observed from Fig. 7c that (KA), | increases with rising
Tt », since the enhanced flow turbulence resulting from the decreased oil viscosity intensifies the convective
heat transfer between the fluid and the solid. Consequently, (KA), , is significantly affected by operating
parameters. To expand the applicability of the double-layer model, additional experimental conditions are
set in Table 6 to develop an empirical correlation for calculating the fluid-solid coupled heat transfer, where
Tt , is set according to its upper and lower limits.

Table 6: List of additional experimental conditions for correlation development.

Sequence Number np (r/min) 1, Ts, (°C)
1 145 0.65 30-60 (step change)
2 145 0.65 60-90 (step change)
3 145 0.95 30-60 (step change)
4 145 0.95 60-90 (step change)
5 362.5 0.65 30-60 (step change)

(Continued)
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Table 6 (continued)

Sequence Number np (r/min) 1, Ts,a (°C)
6 362.5 0.65 60-90 (step change)
7 362.5 0.95 30-60 (step change)
8 362.5 0.95 60-90 (step change)

Firstly, (KA), , needs to be dimensionless to apply similarity theory. Note that the reference temperature
for calculating the dimensionless numbers is the average temperature before and after the step change. The
number of transfer unit for heat transfer between the fluid and the inner layer of the pump body (N T Us) is
defined as follows [42]:

(KA)y,

NTU; = —————. (18)
Pt ViiCp

Meanwhile, the flow Reynolds number of oil delivery path (Res) is given by [42]:

4p¢ Vi
Reg = Pf Vit

, 19)
mdy ps

where py is the dynamic viscosity of the fluid.

Based on parameter independence analysis, N T'Us is a function of Re, the fluid’s Prandtl number (Pr¢)
and 7. Through nonlinear fitting, this relationship can be expressed as [42]:

NTUs = 46.40Re; >4 Pry %% 0, "

where 172 < Reg <1105, 110 < Prf < 262, and 0.65 < 7, < 0.95.

Fig. 8 illustrates the fitting accuracy of Eq. (20), demonstrating that all experimental data points fall
within a relative error brand of £12%. This correlation provides a foundation for subsequent transient flow
and heat transfer calculations of the EOS. Note that the form of Eq. (20) possesses a certain universality. By
fitting the coeflicients over a wider experimental range, the coverage of the entire flight mission profile can
be achieved.
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Figure 8: Statistical graph of calculation errors for the correlation.
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3 Dynamic Thermal Characteristics of Oil Loop
3.1 Simulation System

In this subsection, a dynamic heat transfer model of the EOS embedded with the pump’s double-layer
model is established. A typical architecture of the oil loop integrated with fuel thermal management is
depicted in Fig. 9 [15], where the pump provides driving force for oil circulation (#1,.), and filters 1 and
2 perform coarse and fine filtration, respectively. The hot oil is cooled by the fuel supplied from the plane
(mg5) in a fuel-oil heat exchanger (FOHX), and then enters the bearing chambers and gearboxes via a nozzle
for lubrication and cooling. To simplify calculations, the oil return line is omitted, and the oil waste heat
generation rate from the mechanical system (Q.p) is treated as a heater within the oil tank [45]. In this full-
flow EOS, 1, is regulated by varying the pump’s rotational speed, which is beneficial for system weight
reduction [17]. On the fuel side, the heated fuel is split by a valve, with a portion directed to the combustor
() and the excess returned to the plane (ri1g). The fuel temperature supplied to the combustor (Ti.) is
limited to prevent fuel coking, and the highly efficient heat exchange process of the FOHX ensures the oil
thermal safety. Note that only the dynamic thermal characteristics of the oil loop are considered in the
following discussion, while the fuel section is assumed as quasi-steady to facilitate fuel heat sink analysis.

— Fuel
— 0il

Plane

Heater

Oil tank

Figure 9: Typical architecture of the EOS integrated with fuel thermal management.

Subsequently, the transient flow and heat transfer equations for the EOS are formulated. The flow in the
system is treated as quasi-steady, as the fluid is incompressible [26]. Likewise, the pump is an external gear
pump, with its oil delivery capability described as [41]:

Apu
=1 y=2u (1)
Uehp

where y is the internal leakage coefficient.
The flow resistance within the tube is calculated by [46]:

I 1
Apgr = f; : Epfu?, (22)

where Apy, is the pressure drop, f is the Darcy friction factor, determined by 64/Res for laminar flow, / and
d; are the length and inner diameter of the tube, respectively, and u¢ denotes the fluid’s flow velocity.

The flow characteristics of local resistance components (filters and the nozzle) are uniformly given
by [46]:

1
Apar = (- EPW?, (23)
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where ( is the resistance coefficient.

The FOHX is configured as a shell and tube type, with the fuel and oil flowing through the tube and
shell sides, respectively. The tube bundle within the heat exchanger is arranged in a triangular pattern, and
the baffle cut ratio is 25%. The flow resistance on the tube side is also calculated using Eq. (22), while the
pressure drop on the shell side is determined by the Kern method [47]:

dsh ltu 1 2

ha L2 (24)

Apdr = ijcd_ lb 2

where j¢. is the friction factor, obtained from Ref. [48], dy, and d. are the shell internal diameter
and shell equivalent diameter, respectively, and I, and Iy, denote the tube length and central baffle
spacing, respectively.

As for transient temperature calculations, the oil pump and tubes adopt the previously developed
double-layer model and the discretization model from Ref. [26], respectively. Note that Eq. (20) is assumed
to remain applicable for describing the fluid-solid coupled heat transfer within the pump during system-level
simulation, even when the operating conditions fall outside its fitting range. On the one hand, the accuracy of
this extrapolation can be guaranteed by the monotonic and smooth trends of (KA),, , shown in Fig. 7. On the
other hand, under larger n, or higher T ,, the enhanced fluid-solid coupled heat transfer within the pump
accelerates the thermal equilibrium between the fluid and the inner body. In this case, the corresponding
thermal parameter response becomes primarily governed by the heat conduction process between the inner
and outer bodies, thereby mitigating the influence of extrapolation errors. Due to the short flow path, local
resistance components can be treated as thermally quasi-steady, with the increase in the specific internal
energy (AU, ) obtained from [49]:

_ Quis
- T

mg

AU, (25)
where Qq;; is the viscous dissipation heat rate, and the fluid’s specific internal energy (Us) is a single-valued
function of T; [7].

As the heat exchange interface between the oil loop and the fuel flow path, the dynamic thermal
characteristics of the FOHX also influence the response of system thermal parameters to some extent.
Nevertheless, this paper mainly focuses on the dynamic heat transport process from the oil-side outlet to the
inlet of the FOHX within the oil loop, which provides a dynamic heatload boundary for the FTMS with quasi-
steady models [6]. Moreover, considering the application of compact heat exchangers in advanced engines,
the thermal inertia caused by the fluid and solid heat capacities within the FOHX is relatively small. Therefore,
a quasi-steady assumption is temporarily adopted here to facilitate the temperature regulation of the fuel
system. In our future work, the dynamic thermal model of the FOHX will be refined, and the corresponding
fuel thermal management strategy will be further developed to execute high-precision control. Consequently,
the heat transfer rate from the oil to the fuel (Qh)foh) is calculated by [42]:

Qh,foh = (KA)foh ATm) (26)

where (KA);,, is the overall heat conductance, obtained from the one-dimensional thermal resistance
method [50], where the convective HTC on the shell side is determined by the Kern correlation [47], and
AT, is the logarithmic mean temperature difference (LMTD).
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The oil temperature within the oil tank (Ty) is assumed to be uniformly distributed, and the
conservation of mass and energy is satisfied [7]:

dmOt = Z mf,in - Z mf,out) (27)
dt
d [moth (Tot)

dt :| = Z mf,in Ut,in — Z mf,out Ut,out + Qoh’ (28)

where m,; is the oil mass within the oil tank, and the subscripts “in” and “out” denote flowing into and out
of the oil tank, respectively.

Based on the above governing equations, the TFN method with series simplification is employed to solve
the transient flow and heat transfer process of the oil loop [35,51]. Additionally, the energy analysis method
from Ref. [7] is adopted for dynamic thermal calculations of the fuel flow path. To validate the accuracy of
the dynamic simulation of the EOS, a comparison of transient flow and heat transfer parameters for the oil
section is performed by increasing the HFR flow rate on the experimental setup from Ref. [45], as illustrated
in Fig. 10, where the subscript “outl” denotes the outlet of the component. It can be inferred that the dynamic

TFN method developed in this paper accurately captures the transient flow and heat transfer characteristics
of the EOS.
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Figure 10: Comparison of transient flow and heat transfer parameters for the EOS under HFR regulation. (a) Mass
flow rate of the oil pump; (b) Outlet pressure of the oil pump; (c) Outlet temperature of the oil pump.
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During the subsequent calculations, the lubricating oil and the solid materials of the oil pump and tubes
are the same as those in Section 2, with the FOHX made of 316L stainless steel. Besides, the fuel is JP-8
aviation kerosene, and its thermophysical properties are taken from Ref. [52]. To ensure thermal safety, the
upper temperature limits of the fuel (T..) and oil (T,,) are set to 421 and 490 K, respectively [11,15]. The
main component parameters of the EOS are listed in Table 7, where d, is the outer diameter of the tube,
the subscript “tu”, “f17, “f2”, “n”, and “FOHX” represent a single tube, filter 1, filter 2, nozzle, and FOHX,
respectively, a;, is the area ratio of the nozzle inlet to its outlet, used to determine the change in fluid kinetic
energy [49], and Oty foh> dsh, foh> Niu,foh> and Npa fon denote the tube pitch, shell inner diameter, tube number,
and baffle number within the FOHX, respectively.

Table 7: Main component parameters of the EOS.

Parameter (Unit) Value
di o (m) 0.01
do.u (m) 0.012

iy (m) 0.3
xp (1) 4.928 x 1078
(n 0.5
(2 1
(n 4
oy 2
Mo (kg) 18
di’foh (m) 0.002
do)foh (m) 0.0024
lton (m) 1.08
etu,foh (m) 0.003
dsh for (M) 0.045
Ntu,foh 169
Nya,foh 15

3.2 Analysis of Thermal Inertia

Firstly, the influence of thermal inertia of the EOS on the response of system thermal parameters is
discussed based on the transient flow and heat transfer model developed in Section 3.1. A step change in
Qon is set at 100 s to observe the delay in thermal response, with the specific operating parameters listed
in Table 8, where p,, is the pressure inside the oil tank, and T, is the fuel temperature supplied from the
plane. The calculation results are illustrated in Fig. 11.

Table 8: Operating parameters of the step condition.

Parameter (Unit) Value
Pot (MPa) 0.1
thg (kg/s) 0.8

Tt (K) 380
foc (kg/s) 0.6

Qon (KW) 45-60 (step change)
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Figure 11: Dynamic response of system thermal parameters under the step condition. (a) Limiting temperatures; (b)
Heat storage rate of the oil tank; (c) Heat storage rates in the pipeline; (d) Heat transfer rate of the FOHX.

Fig. 11a shows that the EOS stays at a thermal steady state before point B, while a significant temperature
response delay (from point B to point C) is observed at the monitoring points. After calculation, the effect
duration of thermal inertia (A7q.) is 273.7 s. Fig. 11b,c presents the variations of the heat storage rates of
the oil tank (Qr,ot), the fluid in the pipeline (Q.r’pf), and the solid in the pipeline (Qr,ps) with t during this
process, all of them exhibit peak values. The peaks of Qr,ot and Qr’pf are induced by the rise in the temperature
flowing out of the fluid element, while the peak of Qr,ps is formed due to the decrease in the temperature
difference between the fluid and solid elements. The comparison results indicate that both Q; .ot and Q.r)pf
reach their peak values more quickly under strong convection and then decrease rapidly. Differently, both
the rise and fall of Qr,ps exhibit slower under the combined effect of the fluid-solid coupled heat transfer
and heat conduction within the solid. Note that the heat conduction process between the inner and outer
layers of the oil pump lasts for a very long duration (>1000 s). Nevertheless, the influence of system heat
storage on fluid temperatures is tiny after point C, which can be regarded as a thermal steady state from the
perspective of thermal management. Additionally, Qr’pf and Qr,ps are an order of magnitude lower than Qr,ot.
At their respective peaks, Qr’pf and Qr,ps account for only 0.87% and 3.37% of Qr,ot, respectively, revealing
that the slow temperature rise during the BC segment is primarily caused by the heat capacity of the oil tank,
requiring special attention. To support this conclusion, a comparative calculation is performed by reducing
Mo to 1 kg. The comparison results are illustrated in Fig. 12, where the subscripts “m1” and “m2” denote the
cases where m,, is set to 18 and 1 kg, respectively.
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Figure 12: Comparison of dynamic thermal response with different m, under the step condition. (a) Limiting
temperatures; (b) Heat transfer rate of the FOHX.

Fig. 12a shows that the monitoring temperatures rise faster after the step of Q,, under the action of
smaller m,, and they reach thermal steady state at point C’ In this case, ATge m2 is only 571 s, which is 79.14%
shorter than A74e ;. Similarly, it can be observed from Fig. 12b that the response delay effect of the fuel-oil
heat exchange is also significantly weakened, as Qh.foh.m2 iNcreases more quickly with ¢. These comparison
results demonstrate that the heat capacity of the oil tank, rather than that of the pipeline, is the primary factor
responsible for the response delay in thermal parameters within the EOS. This phenomenon arises from the
bigger specific heat at constant pressure of the oil compared to that of the metal.

Fig. 11d illustrates the effect of thermal inertia on Qh.foh» revealing that the thermal boundary of the
oil heat load within the FTMS should not be treated as a constant for each stage in precise dynamic
calculations. Furthermore, after fuel-oil heat exchange stabilizes, Qh,foh is slightly larger than Q., due to the
heat generation in the oil loop (th,op) from both the pump and viscous dissipation components [49]. After
calculation, th,op decreases from 380 to 366 W during the step condition, with a variation ratio of only
3.65%, which can be briefly described by an average value for thermal management calculations.

Now, the key drawbacks of neglecting the thermal response delay of the oil loop in the regulation of
the FTMS are displayed through two typical cases. Consider a scenario that g is changeable under the
action of a middle fuel return branch (MFRB), and maintaining T. at Tee by regulating #ig, is essential for
reducing the fuel heat sink consumption rate (FHSCR, (bfu,con), a crucial indicator for evaluating fuel thermal
management performance, defined as the amount of fuel heat sink consumed per second [7]. Here, case 1
adopts the same operating parameters as those in Table 8, while case 2 reverses the order of the heat loads
(step from 60 to 45 kW). In both cases, ri1¢, is immediately adjusted to its thermal steady-state values after the
step change, and the thermal response results are illustrated in Fig. 13, where ATy, denotes the temperature
deviation between Ti and T..

Fig. 13b,d shows the sudden changes of 7, in both cases when Q. undergoes step changes. It can be
observed from Fig. 13a that during the rapid transition from low to high heat loads, increasing ri1¢ while
ignoring the dynamic thermal effects of the EOS causes T to fall significantly below T, in the early stage,
resulting in a waste of the fuel heat sink, since the heat dissipation capability of the combustion fuel is not
fully utilized. In contrast, reducing ri¢, with ignored dynamic thermal behavior of the EOS causes Ti. to
significantly exceed T, in the early stage, leading to system overtemperature failure, as shown in Fig. 13c.
After calculation, ATy, is 4.05 and 4.37 K in case 1 and case 2, respectively. Similarly, the effects of thermal
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inertia last for long durations of 265.4 and 308.8 s, respectively. Consequently, rig needs to be adjusted
according to the varying Qh,foh to minimize (bfu,con while ensuring thermal safety for the FTMS integrated
with a dynamic EOS model.
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Figure 13: Variations of thermal regulation parameters in the two cases. (a) Combustion fuel temperature in case 1;
(b) Fuel supply flow in case 1; (¢) Combustion fuel temperature in case 2; (d) Fuel supply flow in case 2.

From the above analysis, it can be concluded that the fluid and solid heat capacities introduce significant
response delays and nonlinear characteristics in the thermal parameters of an integrated FTMS. In practical
engineering applications, advanced controllers are required to address this issue. In recent years, linear
quadratic regulator (LQR) [6] and model predictive control (MPC) [10,53] have been applied to the dynamic
control of thermal and energy management systems. Based on their respective algorithm frameworks, LQR
is more suitable for quasi-steady state linear control, while MPC can effectively handle nonlinear problems
with time delays. Given that future complex flight missions would lead to more frequent variations in
system heat loads, fuel supply, and oil supply, along with an increasing number of control parameters and
constraints, MPC, with stronger capability in nonlinear optimization and better adaptability, holds greater
potential. In addition, He et al. [54] developed a constrained MPC controller based on heat current models,
providing theoretical support for future dynamic high-precision optimal control of the integrated FTMS
with multiple constraints.
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3.3 Evaluation of Thermal Management Performance

In this subsection, the influence of thermal inertia of the oil loop on the fuel thermal management
performance of the FTMS is evaluated using a typical architecture of the integrated fuel-oil system, as shown
in Fig. 14.

0.

Fuel tank Filter 2

— Fuel

oil Heater

Oil tank

Figure 14: Typical architecture of the FTMS integrated with a dynamic oil loop.

Fuel from the fuel tank is initially extracted by a fuel pump (FP), and it then sequentially flows through
the airborne heater (AH), viscous dissipation heater (VH), and the FOHX, before being supplied to the
combustor, where the first two heat loads are denoted as Q. and Quy, respectively. Note that the VH is
introduced to account for the effect of additional viscous dissipation heating in the fuel flow path (excluding
the FOHX), enabling accurate temperature calculations [49]. Similarly, the FP also generates waste heat due
to efficiency losses, which is denoted as Qg,. The fuel supply to the heaters is commonly more than the
combustion fuel to meet system cooling requirements, with the HFR cooled by ram air before returning to
the fuel tank. In this case, the fuel tank temperature (Tg) gradually increases, threatening the effectiveness
of fuel thermal management. Here, three additional fuel temperature limit points are set within the FTMS,
which are Tj, the outlet temperature of the AH (T,y,), and the outlet temperature of the ram air cooler (T.),
respectively, with their specific limit values Tg—Tye listed in Table 9 [6,11].

Table 9: Limit values of additional fuel temperature limit points.

Parameter (Unit) Value
T (K) 333
Tan (K) 380
Tre (K) 360

The FTMS is calculated based on the simulation method in Ref. [7], where Q.4 is determined by energy
conservation:

th = Apu,fp Vf,fp - Qdis,foh,fu - Eme) (29)

where the subscript “fp” represents the FP, Qgis fon fu is the viscous dissipation heating rate on the fuel side in
the FOHX, and E,, is the increase rate of the fuel’s mechanical energy as it flows into and out of the FTMS,
including the increase rates of both pressure potential energy (E,) and kinetic energy (Ej).
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The main component parameters of the FTMS adopted in this paper are listed in Table 10 [6,7], where
(KA),. is the overall heat conductance of the ram air cooler, the subscript “fu” represents the fuel side, and
rirgs denotes the maximum value of #ig,. Besides, the component parameters of the embedded EOS are the
same as those in Table 7, where a,, , denotes the inlet-to-outlet area ratio of the fuel nozzle.

Table 10: Main component parameters of the FTMS.

Parameter (Unit) Value
Apu,fp (MPa) 1
Nfp 0.6
(KA),. (W/K) 550
di,tu,fu (m) 0.012
®n,fu 5
s (kg/s) 3

In this paper, thermal endurance (A7.q) is used to evaluate the thermal management performance of
the FTMS, defined as the flight duration under temperature limitations [6]. Furthermore, it is reported by
Ref. [7] that reducing ¢, con is a key approach to delaying fuel overtemperature, calculated by

d {WIft [Uf (Tfu,cok) - Us (Tft)]}
dt

(lsfu,con = - > (30)

where Tf, ok is the fuel coking temperature, equivalent to Te.

Therefore, rig, is dynamically optimized to minimize g, con based on the bisection method during
flight. The specific simulation procedure for transient flow and heat transfer of the system architecture shown
in Fig. 14 is illustrated in Fig. 15, where the thermophysical properties of the ram air are taken from Ref. [55].

Input models, boundary parameters, temperature limits, and variation range of 71

1

| Obtain current state of the fuel tank |

Obtain current flow and heat transfer parameters of the EOS |

{

Solve 7y, that minimizes ¢, ., under temperature constraints based on bisection method

!

Output system flow and heat transfer parameters

|Explicitly advance to the next time step |

Figure 15: Flowchart of FTMS simulation integrated with the dynamic EOS model.
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To evaluate the impact of the dynamic thermal behavior of the EOS on fuel thermal management
performance, an original FTMS architecture without the oil loop is established for comparison by simplifying
the FOHX in Fig. 14 as a heater, where Qh foh 1s applied to the FOHX in real time based on Qon and th op-
Now, a periodic combat mission at high altitude is set for dynamic calculations, with the operating parameters
listed in Table 11, where the subscript “0” represents the initial value, #1,,, pra and Tiq i are the mass flow
rate, pressure and incoming temperature of the ram air in the ram air cooler, and pg and p., denote the
pressures within the fuel tank and combustor, respectively [56]. Additionally, the operating parameters of
the embedded EOS are consistent with those in Table 8 except for Qqp.

Table 11: Operating parameters of the integrated FTMS under the periodic combat mission.

Parameter (Unit) Value
meo (kg) 1000
Tt.0 (K) 310
y, (kg/s) 1.5

Pra (MPa) 0.03
Train (K) 238

100 (cruise)

Qan (kW) 118 (combat)
. 45 (cruise)
Qon (kW) 60 (combat)
' 0.4 (cruise)
ity (kg/s) 0.5 (combat)
pr (MPa) 01
Peo (MPa) 03

The alternating interval between the two phases is fixed as 300 s, and the EOS has already reached a
thermal steady state at the start of the mission to eliminate the effect of its residual heat storage capacity.
After calculation, the variations of system thermal parameters for the two simulation architectures under
the periodic combat mission are shown in Fig. 16, where the subscripts “with” and “without” represent the
architectures with and without considering the thermal inertia of the oil loop, respectively, and Qr ot is the
total heat storage rate of the EOS.

Fig. 16a indicates that both T with and T without rise over t under the effect of HFR, which almost
coincide with each other. In this case, fuel thermal management failure, marked by Tf reaching T, occurs
almost simultaneously at point D for the two architectures, resultlng in ATed with ® ATed,without- Fi1g. 16b
shows the variation of (pfu con With t. It can be observed that (pfu con,with < (/)fu con,without and (/)fu con,with >
(pfu,con)wuhout alternate in the early stages after switching operating conditions, leading to the crossover
phenomenon between T yith and T without- Additionally, the variation characteristics of (/Sfu,con are similar
to Qh foh»> as shown in Fig. 16¢, showing a direct relation between them. Combined with Fig. 16d, it can be seen
that the oil loop dynamlcally stores and releases oil waste heat during phase transitions, making Qh foh,with <
Qh foh,without and Qh foh,with > Qh foh,without alternate in the early stages. Fig. 17 presents the variation results
of system thermal regulation parameters with ¢, where Q. and Q.. denote the heat dissipation rates through
the combustion fuel and ram air, respectively [7].
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Figure 16: Comparison of thermal endurance and fuel-oil heat exchange between the two architectures under the
periodic combat mission. (a) Fuel tank temperature; (b) FHSCR; (c) Fuel-oil heat exchange rate; (d) Total heat storage
rate of the EOS.

Fig. 17a,b reveals that all limiting temperatures in both architectures are well regulated, and T, serves
as the effective temperature for limiting rg;, as it is maintained at T.h, while the others are not. Besides, it can
be observed from Fig. 17¢ that ri1g generally increases over ¢ due to the rise in T§, and it yith and #ig without
also exhibit a staggered pattern. In this case, T;. exhibits an overall decrease trend with t because more fuel
enters the FOHX, while T}, increases due to the larger fuel heat capacity flowing into the ram air cooler. It
is worth noting that the cooling capability of the fuel entering the FOHX is enhanced as it it increases,
which increases Qp fon with and lowers Ty, as illustrated in Fi g. 17d, thereby beneficial for avoiding oil thermal
failure. Fig. 17¢ indicates that Qs generally decreases over ¢, primarily due to the rise in Tg. However, Qrc
exhibit an increase trend, since more HFR participates in the heat exchange process with ram air, as shown
in Fig. 17f. Similarly, both Q.¢ and Q. in the two architectures vary alternately with ¢, thus achieving almost
the same cumulative values. To sum up, the thermal inertia of the EOS exhibits little impact on the overall
thermal management performance of the FTMS, as the opposing effects of heat storage and heat release from
both the fluid and solid heat capacities within the EOS on fuel heat sink consumption tend to cancel each
other out.
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Figure 17: Comparison of thermal regulation parameters between the two architectures under the periodic combat
mission. (a) Limiting temperatures under the scenario without oil loop; (b) Limiting temperatures under the scenario
with oil loop; (c) Fuel supply from the plane; (d) Oil tank temperature; (e) Heat dissipation rate through combustion
fuel; (f) Heat dissipation rate through ram air.

4 Conclusion

To investigate the dynamic thermal characteristics of the EOS, a dynamic heat transfer model of the oil
pump was initially established through temperature step experiments. Then, the influence of thermal inertia
caused by both fluid and solid heat capacities on thermal response and thermal management performance
was quantitatively analyzed. The main conclusions of this paper are as follows:
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(1) When the inlet fluid temperature undergoes a step change, significant fluid-solid coupled heat transfer
occurs within the gear pump due to the large heat capacity of the pump body, resulting in a response
delay in the outlet fluid temperature. Additionally, the solid temperature distribution within the body
is non-uniform, caused by the large heat conduction resistance, necessitating to be layered for transient
temperature calculations. The comparison results indicate that the developed double-layer model can
reduce prediction errors by 90.25% for the transition, without excessively increasing complexity. The
developed layered LPM modeling is also applicable to various types of pumps with large bodies, such
as centrifugal pumps and piston pumps, demonstrating high generality.

(2) The experimental results under varying operating conditions show that increases in rotational speed
and fluid temperature enhance the fluid-solid coupled heat transfer rate, while an increase in volumet-
ric efficiency has the opposite effect. Furthermore, a dimensionless correlation for fluid-solid coupled
heat transfer is developed, with a fitting error of less than 12%. The use of the number of transfer unit
for heat transfer avoids the complex process of determining the heat transfer area between the fluid
and solid within the pump, thereby greatly facilitating engineering applications.

(3) The thermal inertia of the oil loop induces significant thermal response delay during operating
condition switching, with an effect duration of up to 273.7 s, primarily attributed to the fluid heat
capacity in the oil tank. In this case, the oil heat load within the FTMS needs to be dynamically obtained
rather than treated as constant values. Accordingly, the fuel supply from the plane also needs to be
dynamically regulated to prevent waste of the fuel heat sink or fuel overtemperature. The calculation
results indicate that neglecting the dynamic thermal effects of the EOS during fuel supply regulation
leads to a temperature deviation of 4.37 K, threatening the thermal safety of the flight.

(4) When the integrated FTMS experiences alternating heat loads, the total heat capacity within the
oil loop alternately stores and releases heat, dynamically reducing and increasing the oil waste heat
transferred to the fuel. Nevertheless, the opposing effects of the reduction and increase in oil heat load
on fuel heat sink consumption tend to cancel each other out, leading to a thermal endurance almost
identical to that obtained without considering the dynamic thermal characteristics of the EOS.

(5) From the perspective of precise dynamic temperature control of the integrated FTMS, the influence of
thermal inertia of the EOS must be considered. However, it can be neglected at the stage of thermal
management design and performance evaluation.

(6) Temperature control at the monitoring points in the oil loop using fuel or air also involves time delays.
Under the trend toward integrated control of aircraft subsystems, the hierarchical MPC approach can
address the coupling of multiple time scales [57], where the dynamic EOS model should be placed at
an appropriate level within the hierarchy according to its response time scale, such that it can receive
planning commands from the upper level while reacting rapidly.
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Area, m?

Biot number

Specific heat at constant pressure, J/ (kg - K)
Diameter, m

Change rate of energy, W

Darcy friction factor

Friction factor

Heat transfer coefficient, W/ (m2 . K)
Length, m

Mass, kg

Mass flow rate, kg/s

Number of recorded points
Rotational speed, r/s

Number

TU Number of transfer unit
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Pressure, Pa
Pressure difference, Pa
Prandtl number
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Heat transfer rate, W
Reynolds number
Time, s

=
Y

Temperature, K

Average/limiting temperature, K
Temperature difference, K

Velocity, m/s

Specific internal energy, J/kg

Change in specific internal energy, J/kg

Volume, m>

=T R
<~gc=g

\% Volumetric flow rate, m®/s

Greek Symbols

Efficiency

Density, kg/m®

Mass fraction

Average absolute error of temperature, K
Dynamic viscosity, Pa - s

Internal leakage coefficient, r

Resistance coefficient

Area ratio

DR YR T ™

Tube pitch, m
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Subscripts
0
ba
c
cal
cf
co
con
d
de
dev
dis
dr

ed
exp

out
outl

pf
pr
ps

ra
rc

sh

tc

Duration, s
Change rate of heat sink, W

Initial value
Baffle

Mixing chamber
Calculated value
Combustion fuel
Combustor
Consumption
Delivery path
Delay

Deviation
Viscous dissipation
Drop
Equivalent value
Endurance
Experimental value
Fluid

Friction

Fuel return

Fuel supply

Fuel tank

Fuel

Heat transfer
Heat generation
Inner

Into

Kinetic

Mean value
Mechanical
Outer

QOil circulation
Oil heater

Oil loop

Oil tank

Out of

Outlet

Pump

Pipeline fluid
Pressure
Pipeline solid
Storage

Ram air

Ram air cooler
Solid

Shell
Theoretical value
To combustor
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tot Total

tu Tube

u Increase

v Volumetric

w Wall

with With oil loop

without Without oil loop

Abbreviations

AH Airborne heater

CFD Computational fluid dynamics

ECS Environmental control system

EOS Engine oil system

FHSCR Fuel heat sink consumption rate

FOHX Fuel-oil heat exchanger

FP Fuel pump

FTMS Fuel thermal management system

HCP Hydrogen circulating pump

HFR Hot fuel return

HTC Heat transfer coefficient

LMTD Logarithmic mean temperature difference

LPM Lumped parameter method

MFRB Middle fuel return branch

NV Needle valve

PRV Pressure regulating valve

PSO Particle swarm optimization

SV Switching valve

TFN Thermal fluid network

VH Viscous dissipation heater
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