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Abstract: The low-fidelity simulation method cannot meet the requirements for predicting the perfor-
mance of an adaptive cycle engine (ACE), especially when considering tip clearance variations in
the compression and expansion systems. The tip clearances of the components of an ACE, such as
the adaptive fan and turbine, vary drastically under different operating conditions. Though the tip
clearance significantly impacts the engine’s performance, including its thrust and fuel consumption,
variations in tip clearance are not considered in traditional ACE simulation models. This paper devel-
oped a new integrated model for predicting ACE performance, including multi-fidelity simulation
models of the components and a newly developed, simplified model for predicting tip clearance.
Specifically, the integrated model consists of a zero-dimensional (0D) engine performance simulation
model, a three-dimensional (3D) adaptive fan numerical simulation model, a one-dimensional (1D)
low-pressure-turbine (LPT) mean line model, and a multi-dimensional (MD) tip clearance prediction
model. The integrated model solved the problem of considering the impact of tip clearance on an
ACE and further improved the accuracy of thrust and fuel consumption predictions. Specifically,
considering variations in the tip clearances under the design conditions, the differences in the thrust
and specific fuel consumption (SFC) of the ACE are 1% and 0.3%, respectively. In conclusion, the
integrated model provides a useful tool for evaluating the performance of an ACE while considering
tip clearance variations.

Keywords: adaptive cycle engine; tip clearance; multi-fidelity simulation model; integrated model;
engine performance simulation

1. Introduction

An adaptive cycle engine (ACE) aims to balance its thrust and fuel consumption by
introducing wide-range variable-geometry mechanisms, and it is considered an advanced
propulsion system for the next generation [1]. However, the operating modes and control
schemes of an ACE are more complex than those of conventional engines, resulting in a
more challenging process for predicting the performance of an ACE. Generally, conven-
tional engines adopt a low-fidelity zero-dimensional (0D) simulation method based on
generic characteristic maps of their components to predict performance. However, the
design and analysis requirements of an ACE cause difficulty for the 0D method. The
multi-fidelity simulation methods proposed by Claus [2] and Alexiou [3] are promising
tools for predicting the performance of an ACE. Specifically, these methods can be classified
as de-coupled, iteratively coupled, and fully coupled, depending on the coupling tightness
level, which balances the computing time and accuracy. High-fidelity component models
were widely researched, including the one-dimensional (1D) model studied by Kim [4],
Follen [5], and Kolias [6] and the three-dimensional (3D) model by Pilet [7] and Klein [8].
In addition to the conventional components, high-fidelity simulation methods are also
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used for ACE components, such as the front variable area bypass injector (FVABI), which
can be simulated via de-coupled [9] and fully-coupled [10] methods. However, there are
fewer studies on integrating high-fidelity models of other critical components, such as the
adaptive fan and variable-geometry turbine, into the 0D ACE model, which needs more
attention for the ACE design, especially when considering the variations in tip clearance.

The tip clearances of the engine components significantly impact the performance
of each component, thus affecting the engine’s performance. Ameri et al. [11] found that
turbine efficiency decreased by about 4.5% when the tip clearance increased from 0% to
3% of the blade height. Bringhenti and Barbosa [12] studied the effects of tip clearance
on a turbojet engine and found that an increased clearance would cause a deterioration
in the engine’s performance. Though much research has been conducted on traditional
engines, the impact of variations in tip clearance on the ACE is still unclear and needs to be
clarified. Variations in tip clearance are mainly caused by thermal and centrifugal force
loads [13]. A numerical simulation can obtain more accurate results, but the calculation
process is complicated and consumes a significant amount of time [14-16]. For example,
using the 3D fluid—-solid thermal coupling method (FSTM)), it takes a 40-core processor
approximately 18,000 min to finish the simulation of the tip clearance variation process
of a single-stage turbine, which lasts for a thousand seconds [17]. On the other hand, a
simplified model is usually necessary for conducting an analysis in the early stage of engine
design, though the prediction accuracy is limited due to the model’s simplicity. More
specifically, the traditional simplified model is usually built by considering the deformation
of the shroud, blade, and disk along the 1D direction after simplifying the geometry and
boundary conditions [18-22]. Furthermore, the models cannot consider the spatial effects,
including variations in the thicknesses of the blade and disk, and the radial heat transfer
of the disk. However, Dong [23] and Luberti [24] found that the growth caused by the
radial temperature distribution of the disk cannot be ignored and affects the tip clearance
significantly. Meanwhile, variations in the thicknesses of the blade and disk cannot be
ignored [25,26]. Therefore, a new multi-dimensional (MD) tip clearance prediction model
was established based on the radial heat transfer characteristics of the disk and the variable
cross-section characteristics of the components. Moreover, the accuracy of the model was
validated via the 3D FSTM.

In this work, the integrated model consists of a 0D engine performance simulation
model, a 3D adaptive fan numerical simulation model, a 1D low-pressure-turbine (LPT)
mean line model, and an MD tip clearance prediction model. The 0D engine model was
established on the MATLAB and Simulink simulation platforms. The MD tip clearance
model, established on the MATLAB platform, was applied to the components on the low-
pressure spool of an ACE. The tip clearances of the adaptive fan and the LPT were predicted
based on the boundary conditions from the 0D engine model. Meanwhile, a characteristic
map of the adaptive fan was predicted by the 3D model on the ANSYS CFX19.2 platform,
and the de-coupled method was used to map changes when the tip clearance changed.
Furthermore, the performance of the LPT was predicted by the 1D mean line model on the
MATLAB simulation platform, and the iteratively coupled method was used to predict
variations in performance with variations in the tip clearance. Finally, variations in the
performances of the ACE were predicted via the integrated model. By comparing the
ACE’s performance with the assembled clearance and its performance with the predicted
clearance, it is shown that variations in tip clearance cannot be ignored during the operation
of the engine, and the effectiveness of the method is also proved.

2. Case Description

The research object of this paper is an ACE with a three-stream configuration, as shown
in Figure 1b. This ACE was derived from a modulating bypass (MOBY) variable-cycle
engine [27], as shown in Figure 1a, and the three-spool configuration of the MOBY was
replaced by a two-spool configuration. The ACE consisted of an adaptive fan, including
front and rear fans, a high-pressure compressor (HPC), a combustor, a high-pressure turbine
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(HPT), an LPT, a core nozzle, a first-bypass nozzle, and a second-bypass nozzle, rather than
a variable-area bypass injector (VABI). The adjustable components included guide vanes or
stator vanes on the front and rear fans, the HPC, HPT, LPT, and three nozzles.
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(a) MOBY variable cycle engine configuration (b) Three-Stream ACE configuration

Figure 1. ACE configuration.

The design operating point of the ACE was set to be at sea level and static state, and
the main parameters considered at this point are shown in Table 1. The front fan bypass
ratio is equal to the ratio of the mass flow rate in the second bypass duct to the mass flow
rate in the rear fan. The rear fan bypass ratio is equal to the ratio of the mass flow rate in
the first bypass duct to the mass flow rate in the HPC. The front and rear fans and the LPT
all consist of a single stage with rotors and stators, while the front fan consists of an inlet
guide vane (IGV), a rotor, and a stator. The geometrical parameters of the adaptive fan and
the LPT were designed according to the performance of each component and are shown in
Table 2.

Table 1. Design operating point parameters.

Parameter Value Unit
Front fan pressure ratio 1.8 -
Rear fan pressure ratio 1.42 -
HPC pressure ratio 7.0 -
Turbine inlet temperature (T4) 1700 K
Front fan bypass ratio 0.15 -
Rear fan bypass ratio 1.0 -
Specific thrust 543 N-s/kg
Specific fuel consumption (SFC) 70.68 kg/(kN-h)

Table 2. Geometrical parameters of the adaptive fan and LPT.

Parameter Value Unit
Number of SO (front fan IGV) blades 15 -
Number of R1 (front fan rotor) blades 28 -
Number of S1 (front fan stator) blades 46 -
Assembled tip clearance of the front fan 0.3 mm
Number of rear fan rotor blades 29 -
Number of rear fan stator blades 49 -
Assembled tip clearance of the rear fan 0.3 mm
Number of LPT stator blades 36
Number of LPT rotor blades 53

Assembled tip clearance of the LPT 0.3 mm
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3. Methodology

This section establishes the ACE integrated model, including the 0D engine perfor-
mance simulation model, the 3D adaptive fan numerical simulation model, the 1D LPT
mean line model, and the MD tip clearance prediction model. The 0D engine performance
simulation model provides the engine performance and boundary conditions for the other
models. The 3D numerical simulation and 1D mean line models provide the adaptive fan
and LPT performance, respectively. The MD tip clearance prediction model provides varia-
tions in the tip clearance under different rotating speeds. Finally, the engine performance
considering tip clearance variations can be obtained.

3.1. ACE Performance Simulation Method
3.1.1. Zero-Dimensional Engine Performance Simulation Model

The 0D engine performance simulation model was developed on the MATLAB and
Simulink platforms based on the object-oriented programming technique, adopting the
open-source package T-MATS (toolbox for the modeling and analysis of thermodynamic
systems) [28]. The empirical relations from Refs. [29,30] were used for the HPC, HPT,
and LPT, adding the impacts of variable geometry on the components’ characteristics.
Furthermore, variable multi-angle characteristic maps were used for the front and rear fans,
which reflect characteristics including the mass flow rate, pressure ratio, and isentropic
efficiency under different guide vane angles. The iteration and error variables of the
engine required to reach equation convergence are shown in Table 3, which is based on
the matching of each component at the off-design point. Moreover, after setting the low-
pressure spool speed, the Newton—-Raphson iterative method was adopted to evaluate the
off-design point performance.

Table 3. Off-design point iteration and error variables.

Component Class Class Number Iteration Variable Error Variable
Inlet 1 Mass flow -
Compressor 3 R-value Mass flow

Splitter 2 Split ratio -
Burner 1 Fuel air ratio -
Turbine 2 Expansion ratio Mass flow
Nozzle 3 - Mass flow
Shaft 2 Spool speed Power
Summary 14 11 10

3.1.2. Three-Dimensional Adaptive Fan Numerical Simulation Model

ANSYS CFX19.2 was adopted for the 3D numerical simulation of the characteristic
map of the adaptive fan. It adopted the second-order-accuracy high-resolution method and
second-order Euler backward scheme for spatial and temporal discretization, respectively.
Moreover, the shear stress transport (SST) model was adopted for the turbulence closure,
and the mixing-plane model was used for the rotor—stator interface. Furthermore, consider-
ing the cyclic symmetric structure of the adaptive fan, a single-passage setting was adopted
for both the front and rear fans. Moreover, TurboGrid was used to generate the mesh, and
the passage and tip areas were meshed as an H-grid, while the blade area was meshed as
an O-grid. Furthermore, the grid numbers of the front and rear fans were 1.37 million and
1 million, respectively. More specifically, the computational domain and the mesh of the
front fan are shown in Figure 2, and those of the rear fan are similar.
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Figure 2. Computational domain of the front fan.

The mesh independence was studied prior to numerous simulations. Five types of
mesh from the front and rear fans were investigated, respectively. The calculated parameters
are plotted in Figure 3, including the normalized choked mass flow rate and peak efficiency.
It can be concluded that the CFD simulation remains unchangeable after the mesh nodes

reach 1.3 million for the front fan and 1.0 million for the rear fan. Hence, the adopted mesh
is appropriate for this research.
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Figure 3. Mesh independence study.

3.1.3. One-Dimensional LPT Mean Line Model

The 1D LPT mean line model was developed on the MATLAB platform in Ref. [31].
The off-design profile loss model is shown in Equation (1), and the empirical coefficients
were optimized based on Kacker and Okapuu [32]. The deviation model is shown in
Equation (2), the empirical coefficients of which were optimized from Zhu's research [33].
In Equation (1), w, wyes, i, and ig,) are the profile loss coefficient, the profile loss coefficient
of the reference value, the incidence angle, and the stalling incidence angle, respectively. In
Equation (2), 6, v, ¢, B1, Bim, Bam, tmax, and Re are the deviation angle, stagger angle, chord

length, inlet flow angle, inlet metal angle, outlet metal angle, maximum blade thickness,
and Reynolds number, respectively.

w = [0.2235(z'/istaﬂ)3 + 14057 (i /iggan)? + 04796 (i /igean) + 1.0} Wret )

5 — 125070 (B + o) cos(7) (tmax /€)% @)
323+ 00137 ) tanh™ (Re/200000)
ﬁlm
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Also, the influence of turbine tip clearance proposed by Kacker and Okapuu [32,34]
was considered, as shown in Equation (3). In Equation (3), v, B, Z, ¢, H, and ¢t are
the clearance loss coefficient, the constant defined by the Kacker-Okapuu loss system,
the Ainley—Mathieson loading parameter, the chord length, the blade height, and the tip

clearance, respectively.
Ya=BxZx (4)x ta )" 3)
¢ H H

3.2. MD Tip Clearance Prediction Model

This section established an MD tip clearance prediction model with three components,
the shroud, blade, and disk, which was developed in the MATLAB platform. Furthermore,
considering the geometries and heat transfer characteristics of the different components,
a 0D-2D coupled prediction model was established for each component, as shown in
Figure 4. The tip clearance prediction model was first established for transient tip clearance
predictions [17]. However, it can also be used for steady-state predictions, and the equation
for clearance is as follows:

TC = TCassemble + (ushroud — Uplade — udisk) (4)

where TC is the predicted tip clearance, TCygsemple is the assembled tip clearance, and
Ushroud, Ublade aNd Ugisk represent the deformations of the shroud, blade, and disk, respec-
tively. Furthermore, the following are the deformation models of each component.

0 1 «— Shroud-Structure Shroud Modeling
[ . ] «— Shroud-Coating -
¢ Tip Clearance 1D Thermal Deformation Model
Blade Modeling
<+«————— Blade 0D Thermal Deformation Model
Quasi-2D Centrifugal Deformation Model
— Disk-Rim C Disk Modeling
2D Thermal Deformation Model
<« Disk-Diaphragm B Quasi-2D Centrifugal Deformation Model

«— Disk-Hub A

I — «—— Shaft ‘ Tip Clearance

Figure 4. Schematic of the tip clearance model.

3.2.1. Shroud Modeling

The radial deformation of the shroud is mainly caused by thermal loads. Moreover, the
1D thermal deformation model of the shroud was established based on the 1D difference
method [21] and the elastic theory [26]. Furthermore, the shroud is usually divided into an
abradable coating and a superalloy structure, as shown in Figure 4. The temperatures of
the two layers were calculated via 1D difference equations; interested readers may refer to
Ref. [17]. In addition, the model adopts the flat plate heat transfer formula from Ref. [35] for
the heat transfer coefficient of the outer wall of the shroud and the empirical formula from
Ref. [36] for the heat transfer coefficient of the inner wall of the shroud. The shroud can be
considered a hollow cylinder, and the thermal deformation of the shroud can be calculated
based on the elastic theory. The deformations of the inner and outer walls of each layer
can be derived, respectively. Furthermore, the radial deformation compatibility and force
equilibrium were considered at the interface of the two layers. The thermal deformation
of the shroud #gpoud_thermal €an be calculated by combing and solving the inner and outer
wall equations of each layer.
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3.2.2. Blade Modeling

The radial deformation of the blade is mainly caused by thermal and centrifugal
loads. The 0D thermal deformation and the quasi-2D centrifugal deformation model of the
blade were established based on the lumped capacitance method and the elastic theory,
respectively. After using the lumped capacitance method, the temperature of the blade at
each time step p can be calculated using the following equation [21]:

p+1 _ pp p -4 p
Tblade - (Tblade Tref) xe &+ Tref (5)
where Tlfl:; o Tgl ade’ Trpef, 7, and At are the temperature of the blade at time step p + 1, the

temperature of the blade at time step p, the reference temperature at time step p, the time
constant, and the time interval of each time step, respectively. For a blade without cooling,
the reference temperature Tr’;f is equal to the temperature of the main flow T/, while for a
blade with cooling, it can be defined as follows:

ref =X ( cool Tp) + Tp (6)

where T ool 18 the temperature of the cooling air and 7 is the film cooling efficiency. When
the temperature of the blade becomes steady, the model of the blade’s thermal deformation
can be calculated as follows:

Uplade_thermal = ¥blade X Lblade X Thlade (7)

where pjade thermals Xblades Lblades aNd Tplade are the thermal deformation, the thermal
expansion coefficient, the length of the blade, and the temperature of the blade, respectively.
A quasi-2D centrifugal deformation model was established to analyze the centrifugal
deformation of the variable-thickness blade. The centrifugal deformation equation of the
blade was derived as follows:

2 2
PbladeLy, . (27 2 2 1
ublade_centrifugal = ZaE}:la:ed (6ON> |:<1 - 361> Tdisk + (3 - 2”) Lblade:| (8)

where Uplade_centrifugals Pblades Eblades 4 Tdisk, and N are the centrifugal deformation of the
blade, the density of the blade, the modulus of elasticity of the blade, the blade area
coefficient, the outer radius of the disk, and the rotating speed, respectively.

3.2.3. Disk Modeling

Thermal and centrifugal loads mainly cause the radial deformation of the disk, and
the 2D thermal deformation and the quasi-2D centrifugal deformation models of the disk
were established based on the 2D difference method and elastic theory, respectively. The
heat transfer equations of the internal and boundary nodes were established to calculate
the temperature field of the disk. More specifically, the equation of the internal nodes is

as follows: , , ,
p+1 B 2a;; At B 2a;; At p a;; At ( B M) P
Trl (1 (Ar)? (Az)? Tid * (Ar)? 1= Tiri—l )
al At al. At
ij Ar \ TP ij p
+(Ar) ( t oy )Ti,iﬂ + (Az)z( im1j T Tl+11)
where T, a, r, and z are the temperature, thermal diffusion coefficient, the radial position
of the disk nodes, and the axial position of the disk nodes, respectively. Moreover, the
equations of the other node types can be derived, and interested readers may refer to
Ref. [17]. In addition, the model adopts the empirical formula from Ref. [18] for the
convective heat transfer coefficient of the disk. When the temperature of the disk becomes
steady, the disk thermal deformation model is calculated as follows:

Udisk_thermal = Xdisk X Tdisk X Tdisk_average (10)
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where ugisk_thermal, ®disks "disk, @Nd Tdisk_average are the thermal deformation, the thermal
expansion coefficient, the outer radius, and the average temperature of the disk, respectively.
The entire disk was assumed to be three segments with constant thicknesses. Then, the
deformation equations at the inner and outer wall of each segment can be deduced based on
the elastic theory [26]. In addition, the radial deformation compatibility and the radial force
equilibrium at the interface of the three segments were considered; thus, the centrifugal
deformation of the disk ugjsk_centrifugal can be obtained.

3.3. Model Validation
3.3.1. Validation of the ACE Performance Simulation Method

The 0D engine performance model was validated on the double bypass variable cycle
engine. As no engine experiment was available to validate the established ACE model in
this paper, the accuracy of the model was determined by the health and maturity of the
developed modeling methodologies and their results, which showed trends in variation
for the most part [37]. Therefore, the developed double-bypass variable-cycle engine was
chosen as the object, and the prediction results were compared with those of GasTurb. As
shown in Figure 5, the critical performance parameters, including the thrust, fuel mass
flow, turbine inlet temperature (T4), total bypass ratio, and the operating lines predicted by
T-MATS, show the same trends as those of GasTurb. Except for the thrust deviation at a
low rotating speed, which is caused by the use of a different mixed-modeling method, the
comparison proves the validity of the modeling methodologies.

130
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Figure 5. Performance comparison between GasTurb and T-MATS.

The 3D simulation method was validated on a five-stage axial compressor by our
team in previous work [38]. The SST model and mixing-plane method were used for the
turbulence closure and rotor—stator interface, respectively. TurboGrid was adopted to
generate the structured grids, and an H-grid was used for the passage and tip area, while
an O-grid was used for the blade area; the same settings were used in this paper for the
adaptive fan. Moreover, the experiment was conducted on the five-stage axial compressor.
The static and total pressures of the inlet and outlet, the static and total temperatures of
the inlet and outlet, and the inlet mass flow rate, rotating speed, and ambient pressure
and temperature were measured for analysis. Diaphragm pressure sensors with an error
of less than +0.35 kPa were used for the pressure measurement, a thermocouple with
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an error of less than £0.25 K was used for the temperature measurement, a vortex flow
meter with a relative error within £0.5% was used for the mass flow rate measurement,
and an electromagnetic transducer with a relative error within £0.25% was used for the
rotating speed measurement. The results are shown in Figure 6. The errors between the
experimental and numerical results in the choked mass flow rate, peak pressure ratio, and
peak efficiency are about 0.1%, 1.4%, and 1.1%, respectively. Despite some small errors, the
trend in the variation of the experimental and numerical results is the same.

1.05
2098
& o091 | 1%
g A4
7 084
& >
£077 gt
2 g
L7
o0 g |
e &
2063 » _
E X Experimental L | X Experimental
036 Fl g Numerical —e&— Numerical
0.49 n n n . \ \ n n n . . \
0.984 0.987 0.99 0.993 0.996 0.999 1.002 1.005 0.984 0.987 0.99 0.993 0.996 0.999 1.002 1.005
Normalized mass flow Normalized mass flow
(a) Pressure ratio (b) Efficiency

Figure 6. Validation of the five-stage axial compressor.

Moreover, the 1D mean line model was validated on NASA’s axial turbine by our
team in previous work [31]. The empirical coefficients of the 1D mean line model were
optimized via the genetic algorithm. The predicted results were compared with the original
1D mean-line model and validated through experiments; they are shown in Figure 7. It can
be seen that, in this experiment, the optimized model improved the prediction accuracy by
1.7% with respect to the output power. Then, the optimized 1D model was used to conduct
an LPT performance evaluation in this paper.

15 15
12F 12+
ool ool
éo.g g0
] H
2 ES
5306 100%N_Org Soser 100%N_Opt
bttt S I S S 100%N_ :?xP
0.3F —-- 100%N_EXP 0.3} ¥
90%N_EXP 90%N_EXP
———— 80%N_EXP ———mime 80%N_EXP
' ' 4
045 75 70 25 3.0 0935 15 2.0 25 3.0
Pressure ratio Pressure ratio

(a) Output power with original model. (b) Output power with optimized model.
Figure 7. Predicted performance comparison for the NASA turbine.

3.3.2. Validation of the Tip Clearance Model

In this section, the 3D FSTM was adopted to validate the prediction accuracy of the
tip clearance prediction model for the adaptive fan and turbine. The fan rotors, shroud
structure, and shroud coating are made of an Al7075 alloy, austenitic chromium-nickel
stainless steel, and zirconium oxide, respectively. In the design case, the rotating speed is
49,000 revolutions per minute (RPM), and the assembled clearance is 0.3 mm. Moreover,
the computational domain and the mesh of the front fans for a conjugate heat transfer
(CHT) analysis are shown in Figure 8, and those of the rear fan are similar.
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R1 (fluid) Blade (solid) Shroud (solid)

Fluid mesh Solid mesh

Inlet (fluid) SO (fluid) Disk (solid) SI (fluid)  Outlet (fluid)

(a) Computational domain (b) Mesh model
Figure 8. Computational domain and mesh of the front fan for CHT analysis.

After the CHT analysis, the component deformations were predicted via a thermal-
structural analysis at the rotating speed of the design case, and the results of the front and
rear fans are shown in Figure 9. Furthermore, a comparison of component deformations
and tip clearance between the multi-dimensional tip clearance model (MDM) and the FSTM
of the front and rear fans are shown in Tables 4 and 5. It can be concluded from the tables
that the difference between the MDM and FSTM is small (not exceeding 0.04 mm), and the
MDM can be a useful tool for tip clearance prediction.

C: Rfan
Directional Defarmation
Type: Direction al Deformation (¥ Axis)

D: Ffan
Directional Deformation
Type: Directional Deformation (X Axis)

Unit: rmm Unitz mm
Coordinate System Cloordinate System
Time: 1 Tirne: 1
Max: 045 Max: 0.37
Mlin: 0.034 Mlin: 0.031

045 0.27

04 0.33

0.35 0.20

0.3 0.25

0.25 0.21

02 0.7

E:IIS 012

0.05 0.083

0 0.042

0
(a) Front fan. (b) Rear fan.

Figure 9. Deformation of the components at the rotating speed of the design case.

Table 4. Deformation and tip clearance prediction comparisons for the front fan.

Shroud Deformation Blade Deformation Disk Deformation Tip Clearance
MDM 0.10 mm 0.18 mm 0.12mm 0.10 mm
FSTM 0.14 mm 0.22 mm 0.12 mm 0.10 mm

Difference —0.04 mm —0.04 mm 0 mm 0 mm
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Table 5. Deformation and tip clearance prediction comparisons for the rear fan.

Shroud Deformation Blade Deformation Disk Deformation Tip Clearance
MDM 0.16 mm 0.15 mm 0.22 mm 0.09 mm
FSTM 0.18 mm 0.14 mm 0.21 mm 0.13 mm
Difference —0.02 mm +0.01 mm +0.01 mm —0.04 mm

The results for turbines are similar to the results for fans. The main difference lies in
considering the heat transfer of the disk cavity and the cooling of the blade film. The author
adopted the FSTM to validate the variation in the transient tip clearance in another case
with an assembled clearance of 0.2 mm, considering the heat transfer of the disk cavity [17].
Furthermore, the computational domain of the turbine for a CHT analysis is shown in
Figure 10. Moreover, the comparison results of the predicted steady-state deformations and
tip clearance among the 1 DM (one-dimensional tip clearance model), MDM, and FSTM,
and the computational cost of the entire variation process are shown in Table 6. It can
be concluded from the table that the difference between the MDM and FSTM is 0.11 mm
smaller than the difference between the 1 DM and FSTM, and the computational cost of the
MDM is only 1/1500 of the FSTM.

. Shroud (solid)

S1 (fluid)

R1 (fluid)
R1 blade (solid)

Disk-rim (solid)

Blade tip

Cavity (fluid)

Fluid-solid interface
Disk-hub (solid)

Figure 10. Computational domain of the turbine for CHT analysis.

Table 6. Comparison of deformation and tip clearance predictions for the turbine.

Shroud Deformation Blade Deformation Disk Deformation Tip Clearance Time Cores
1 DM 1.18 mm 0.45 mm 0.17 mm 0.76 mm 20 min 4
MDM 1.00 mm 0.35 mm 0.36 mm 0.49 mm 120 min 4
FSTM 0.97 mm 0.30 mm 0.30 mm 0.57 mm 18,000 min 40

3.4. The Integration of the Models

An ACE performance simulation system that considers the impact of variations in tip
clearance was established and is shown in Figure 11. The architecture of the whole system
shows the following:
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1.  The ACE’s performance in double-bypass mode is calculated through the 0D perfor-
mance model. Furthermore, it provides boundary conditions for the 3D simulation
model of the front and rear fans, the 1D mean line model of the LPT, and the MD tip
clearance model of the fans and the LPT.

2. The MD tip clearance model provides the predicted tip clearances for the front and
rear fans and the LPT under different rotating speeds. Moreover, the boundary
conditions for the tip clearance model originate from the 0D performance model,
including the temperature and mass flow rate of the airflow through the components
and the rotating speed.

3. The 3D simulation model calculates the impact of clearance variations on the char-
acteristic maps of the front and rear fans, using the tip clearances from the clearance
model and the boundary conditions from the 0D performance model. The new maps
are then used to replace the front and rear fan maps in the 0D performance model.

4. The 1D mean line model is used to calculate the impact of variations in tip clearance
on the performance of the LPT, using the tip clearances from the clearance model and
the boundary conditions from the 0D engine model. The map is then updated and
processed for the LPT, meaning that several iterations between the 0D performance
model and the 1D mean line model are processed to calculate the LPT’s performance.

5. Finally, the engine performance considering the effect of variations in the tip clearance
can be obtained.

0D Performance Model 3D Simulation Model MD Tip Clearance Model
— Flow Path
Flight Condition j

Tip Clearance
Fr(.)nt Far? Model
3D Simulation Front Fan

— Cooling Flow [ & Control Schemes
|

— Front Fan
(PTNPRMm...)

PTNPRm...)

Bypass
Duct 2

Bypass

Tip Clearance
Duct 1

Rear Fan Model

3D Simulation

Rear Fan

|
|
|
|

1D Mean-line Model

| S
o

Bypass
Nozzle 2

Bypass Core Tip Clearance
LPT
Nozzle 1 Nozzle 1D Mean-line Model
LPT

Figure 11. The ACE performance simulation system with the impact of tip clearance variation.

4. Results Analysis

In this section, the results of the prediction of the tip clearance model at each rotating
speed are calculated, and the characteristic maps of the adaptive fan and the LPT, which
consider the influence of variations in the tip clearance, are analyzed. Then, changes in the
performance of the ACE between the engine with an assembled clearance of 0.3 mm and
the engine with the predicted tip clearance were compared. Moreover, the performance
results calculated under the assembled tip clearance are designated as the design values,
while the performance results calculated under the predicted tip clearance are designated
as the predicted values.
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4.1. Tip Clearance Model Prediction Results

The results of the variations in tip clearance under different rotating speeds were
calculated based on the boundary conditions provided by the 0D engine performance
simulation model. Moreover, the wall of the fan disk was considered adiabatic, and heat
conduction from the shaft to the disk was considered. Furthermore, the turbine disk and
blade were cooled by bleeding air from the middle stage of the high-pressure compressor,
and the outer wall of the turbine shroud was cooled by the first bypass nozzle.

The components’ temperature, the components’ deformation, and the tip clearance
prediction results for the front fan are shown in Figure 12, as follows:

90.00 0.35
-8-Tshroud [ -8-Ushroud
L E 030  -<Ublade
80.00 s Thlade 1 £ i
? 025 -o-Udisk
_ 70.00  ~*Tdisk § ’ ‘_ -4-Tip Clearance
= S 020 F
2 6000 %
5 £ 015 L
g 5000 E b
& < = 0.10 .
40.00 s E 005 &
-
30.00 - - - S 0.00 - - L
0.60 0.70 0.80 0.90 oo A 0.60 0.70 0.80 0.90 1.00

Relative Rotating Speed Relative Rotating Speed

(a) Temperature. (b) Deformation and tip clearance.

Figure 12. Temperature and deformation of the front fan.

In Figure 12, Tshroud, Tblade, and Tdisk denote the shroud, blade, and disk tem-
perature. Moreover, Ushroud, Ublade, and Udisk denote the shroud, blade, and disk
deformation. As can be seen from this figure, the component temperature and deformation
increase as the rotating speed increases. In addition, the overall temperature of the front
fan is low, so the deformation caused by centrifugal force is relatively large. Therefore, the
sum of the deformation of the blade and disk is larger than that of the shroud, resulting in
a tighter clearance as the rotating speed increases.

The components’ temperature, the components’ deformation, and the tip clearance
prediction results for the rear fan are shown in Figure 13, as follows:

130.00 035 oo
shrou
12000 L -@-Tshroud ¥ _ L
) g 0.30 ade
110.00 | ~¢Tblade = ~-Udisk
Q .
—100.00 ~-Tdisk g 0.25 -4-Tip Clearance
) 5 ) |
T 90.00 g o020 f
E
g 80.00 & os | !
=3 =]
70.00 2
§ € 010 1 \
60.00 1 g
50.00 4 g 0.05
=}
40.00 . . . S 0.00 . : :
0.60 0.70 0.80 0.90 oo A 0.60 0.70 0.80 0.90 1.00

Relative Rotating Speed Relative Rotating Speed

(a) Temperature. (b) Deformation and tip clearance.

Figure 13. Temperature and deformation of the rear fan.

As shown in Figure 13, similar to the results for the front fan, the sum of the deforma-
tion of the blade and disk is larger than that of the shroud, resulting in a tighter clearance
as the rotating speed increases.

The components’ temperature, the components’ deformation, and the tip clearance
prediction results for the LPT are shown in Figure 14, as follows:
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Pressure Ratio

Figure 14. Temperature and deformation of the LPT.

As shown in Figure 14, differing from the deformation of the adaptive fan, the cooling
effect of the outer wall of the turbine shroud effectively controls the growth of the shroud,
and the sum of the deformation of the blade and disk is close to that of the shroud. Therefore,
the turbine’s tip clearance mostly remains the same at different rotating speeds.

4.2. Characteristic Maps of the Adaptive Fan

The 3D numerical simulation was adopted for the characteristic maps of the front and
rear fans, respectively.

The characteristic maps of the front fan at different rotating speeds are shown in
Figure 15. The mass flow rate is normalized by the choked mass flow rate of the design
case. As the figure shows, the tip clearance decreases at a high rotating speed, reducing
the tip leakage vortex. Hence, the predicted choked mass flow rate of the fan is larger than
the design value. Moreover, the pressure ratio and the isentropic efficiency increase. For
example, at 100% of the rotating speed, compared with the design value of the front fan,
the predicted choked mass flow rate, peak pressure ratio, and peak efficiency increase by
0.4%, 1.3%, and 0.6%, respectively. However, at lower rotating speeds, the change in the
characteristic line is less due to the small variation in the tip clearance.

22 88.0
*Design values 0%
50 | *Predicted values 100% _86'0 | o 70% 80% \ 100%
X 84.0
=
1.8 90% % 82.0
280.0 |
1.6 80% W E
%‘.\ o780 |
70% =
14 576.0 |
60% ‘H’K‘& 2
——. 8740 t
12 r 72.0 | *Design values
. #Predicted values
1.0 : : . - 70.0 :
0.55 0.65 0.75 0.85 0.95 1.05 0.55 0.65 0.75 0.85 0.95 1.05
Normalized Mass Flow Rate Normalized Mass Flow Rate
(a) Pressure ratio. (b) Isentropic efficiency.

Figure 15. Characteristic maps of the front fan.

The characteristic maps of the rear fan at different rotating speeds were calculated.
Meanwhile, to introduce the variable-geometry characteristics of the ACE, characteristic
maps of different inlet flow angles of the rear fan were calculated from —20° to 0°. The
mass flow rate was normalized by the choked mass flow rate of the design case at an inlet
flow angle of 0°. The rear fan at an inlet flow angle of 0° is shown in Figure 16. As the figure
shows, the tip clearance decreases at a high rotating speed, reducing tip leakage vortex,
similar to the front fan case. Moreover, at 100% of the rotating speed, compared with the
design value of the rear fan, the predicted choked mass flow rate, peak pressure ratio, and
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Pressure Ratio

peak efficiency increase by 0.1%, 0.3%, and 1.0%, respectively. Furthermore, the rear fan
at an inlet flow angle of —20° is shown in Figure 17. As the figure shows, at 100% of the
rotating speed, compared with the value of the rear fan in the design case, the predicted
choked mass flow rate, peak pressure ratio, and peak efficiency increase by 0.1%, 0.4%, and
1.0%, respectively.

1.6 92.0
100% 90.0 709%  80%  90% 1909,
1.5
Es0
90% = 0
14 g 86.0
2840 |
13 % £80 1
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1.0 s 72.0 -
0.45 0.65 0.85 1.05 1.25 0.45 0.65 0.85 1.05 1.25
Normalized Mass Flow Rate Normalized Mass Flow Rate
(a) Pressure ratio. (b) Isentropic efficiency.
Figure 16. Characteristic maps of the rear fan at an inlet flow angle of 0°.
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Figure 17. Characteristic maps of the rear fan at an inlet flow angle of —20°.

Still, at lower rotating speeds, especially at 70% of the rotating speed or less, the
change in the characteristic line is smaller due to the small variation in the tip clearance.
The characteristic maps of other inlet flow angles of the rear fan are similar.

4.3. Characteristic Maps of the LPT

The iteratively coupled method was used to determine variations in the performance
of the LPT, meaning that iterations between the 0D performance model and the 1D mean
line model were processed to calculate the performance of the LPT. Meanwhile, to show
the impact of variations in tip clearance on the LPT, characteristic maps of the LPT at
different rotating speeds and an enlarged view of the LPT are shown in Figure 18. As
the figure shows, the predicted LPT efficiency is higher than the value for the design
case. The difference in the maximum efficiency is approximately 0.2% at high rotating
speeds. However, at lower rotating speeds, especially under 70% of the rotating speed,
the difference decreases to 0.05%. The difference in the efficiency of the LPT is small
because the tip clearance difference is less than 0.04 mm (0.15% of the blade height). If
the tip clearance variation increases as the difference of each component’s deformation
increases, for example, when the cooling air temperature of the shroud changes, the
efficiency difference could be large.
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Figure 18. Characteristic maps of the LPT.

4.4. Engine Performance Evaluation

After introducing the influence of the tip clearance, the integrated model was used to
compare the performance of the ACE between the assembled tip clearance and the predicted
tip clearance. Similarly, the performance calculated for the assembled tip clearance is
designated as the design value, while the performance calculated for the predicted tip
clearance is designated as the predicted value.

Firstly, the design and predicted operating characteristics of the ACE in double-bypass
mode were compared. Figure 19 shows the characteristic maps of the front fan with an
inlet flow angle of 0°, the rear fan with an inlet flow angle of 0°, and the movement of
the operating line of the engine. The inlet flow angle of the rear fan needs to be adjusted
according to the outlet condition of the front fan, as shown in Table 7. Furthermore, only the
rear fan map with an inlet flow angle of 0° is displayed here. It can be seen from the figure
that the shape of the operating line hardly changes between the two cases. However, due
to the change in the characteristic map, the position of the operating point moves toward
the direction of the larger mass flow rate and higher-pressure ratio. Taking 100% speed as
an example, the operating point of the front fan changes from the normalized mass flow
rate of 0.993 to 0.999, and the pressure ratio changes from 1.802 to 1.804. Furthermore, the
operating point of the rear fan changes from the normalized mass flow rate of 0.973 to 0.979,
and the pressure ratio changes from 1.422 to 1.431. The pressure ratio change is small due
to the selection of the design case’s operating point at a lower pressure ratio. However, the
change in the pressure ratio of the front fan could exceed 1% if the design case’s operating
point is set at the peak pressure point. The characteristic maps of the rear fan at other inlet
flow angles are similar.
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(a) Front fan at the inlet flow angle of 0°.
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(b) Rear fan at the inlet flow angle of 0°.

Figure 19. Operating line on the adaptive fan map.
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Net Thrust [kN]

Table 7. Control schemes of the variable geometry.

Low-Pressure Spool Relative Speed 100% 90% 80% 70% 60%
Front fan inlet flow angle (deg) 0 0 0 0 0
Rear fan inlet flow angle (deg) 0 -5 —10 -15 —20

Throat area of the 1st bypass nozzle (%) 0 5 10 15 20
Throat area of the 2nd bypass nozzle (%) 0 15 30 45 60

The performance of the engine with two tip clearances was further analyzed, and

the thrust, specific fuel consumption (SFC), and T4 under different rotating speeds were
compared, as shown in Figure 20. Finally, the difference is presented in Table 8. It can be
seen from the table that, considering the variation in the tip clearance, the predicted thrust,
SFC, and T4 all change. For example, at 100% rotating speed, the thrust difference can reach
1%, the SFC difference is —0.3%, and the T4 difference is —0.2 K. Therefore, the changes in
the tip clearance during operation cannot be ignored. They should be considered when
predicting the performance of an ACE.

—Design values
| *Predicted values

055 0.65 075 0.85 095 1.05

Low Pressure Spool Relative Speed

(a) Net thrust.
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Figure 20. Engine performance comparison.

Table 8. Difference in engine performance at different rotating speeds.

Low-Pressure Spool Relative Speed 100% 90% 80% 70% 60%
Net thrust difference 1.0% 1.3% 0.8% 0.6% 0.5%

SEC difference —0.3% —0.2% —0.2% —0.3% —0.2%

T4 difference —02K 30K 14K 04K 04K

5. Conclusions

This paper aimed to solve the problem of considering the impact of tip clearance on

the ACE and further improving its thrust and fuel consumption prediction accuracy. A
new integrated model for predicting the performance of an ACE was established, and the
conclusions can be drawn as follows:

1.

This paper developed a new integrated model for predicting the performance of
an ACE, including a 0D engine performance simulation model, a 3D adaptive fan
numerical simulation model, a 1D LPT mean line model, and an MD tip clearance
prediction model. Specifically, the 0D model provides the boundary conditions for
the 1D LPT, 3D adaptive fan, and MD tip clearance models. Then, the MD tip
clearance model provides the predicted clearances for the 3D adaptive fan and 1D
LPT models, so the impact of the variation in tip clearance on the components can be
considered. Finally, after replacing the map of the adaptive fan and updating the map
of the LPT, the ACE performance can be obtained while considering the effect of the
variant clearance.

The traditional 0D engine performance model mainly adopts empirical relations and
variable multi-angle characteristic maps for predicting the maps of the components,
which usually cannot meet the design and analysis requirements of engineers and
researchers for the ACE. The new integrated model combines high-fidelity models of
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the adaptive fan and LPT, and the accuracy of the adaptive fan and LPT model was
validated via experiments. Moreover, the MD tip clearance model, validated via the
3D FSTM, further improves the accuracy of the prediction of the ACE’s performance,
as it considers the variation in the tip clearance under different operating conditions.
The integrated model calculated the performance of the ACE considering variations in
the tip clearance under different operating conditions, and the results were compared
with the performance of an ACE with the assembled clearance values. When compared
with the performance of the ACE without considering the clearance variations, the
thrust under the design conditions increased by 1%, and the SFC decreased by 0.3%.
Moreover, this indicates that the impact of tip clearance on the performance of an
ACE cannot be ignored.
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Nomenclature

a Blade Area Coefficient or Thermal Diffusion Coefficient
B Constant Defined by The Kacker-Okapuu Loss System
E Modulus of Elasticity

H Blade Height

i Incidence Angle

igtall Stalling Incidence Angle

Lplade Blade Length

N Rotating Speed

r Radius

T disk Radius of The Disk Rim

t Time or Blade Thickness

tq Tip Clearance

tmax Maximum Blade Thickness

T Temperature

T4 Turbine Inlet Temperature

T ool Temperature of The Cooling Flow

T¢ Temperature of The Fluid

TC Tip Clearance

TCssemble Assembled Tip Clearance

u Deformation of The Component

X Radial Distance from The Chosen Section to The Blade Hub
z Ainley-Mathieson Loading Parameter
o Thermal Expansion Coefficient

B Flow Angle

Bm Metal Angle

Y Stagger Angle

Yel Clearance Loss Coefficient

6 Deviation Angle

Ar Radial Unit Length of The Node

At Time Change in Every Time Step

Az Axial Unit Length of The Node

7 Film Cooling Efficiency

Radial Distance from The Element to The Blade Hub
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1DM One-Dimensional Tip Clearance Model
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SST Shear Stress Transport
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Superscripts and Subscripts
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