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ABSTRACT

Currently, research on the heat transfer characteristics of high-speed assembled power turbine rotor system
primarily focuses on the convective heat transfer between environment and rotor structure, and often ignores the
heat conduction between the structure and structure. However, the operating parameters related to the working
conditions and the interface parameters between structures actually have a synergistic effect on the temperature,
and neglecting structural-structural heat conduction may result in localized overheating. In addition, parameter
thresholds have not been fully discussed. Herein, this study innovatively integrates the coupling effects of
operating and assembly interface parameters on environmental-structural-structural heat transfer characteristics
in power turbine rotors, and identifies thresholds of parameters influencing thermal performance and their re-
lationships with temperature. First, an environmental-structural-structural heat transfer model is constructed
based on fractal theory and finite element method. This model takes into account the effects of operating pa-
rameters related to the working conditions, as well as interface parameters related to the assembly state. Then,
the influences of key factors including rotational speed, rotational Reynolds number, tightening torque, interface
contact area, number of bolts, and surface topography on the environmental-structural-structural heat transfer
characteristics are elaborated. It is found that the operating parameters have an exponential relationship with
temperature, and their threshold are determined by fluid characteristics, boundary layer thickness and centrif-
ugal force. The tightening torque influences heat transfer characteristics by altering the contact thermal
conductance, with a noticeable threshold below which heat transfer performance decreases. This work provides
valuable insights into heat transfer dynamics of assembled power turbine rotor systems, contributing to more
accurate thermal management strategies in high-speed turbine applications.

1. Introduction

comparative study on heat transfer performance under static and
rotating conditions. The work by Hu et al. [11] highlighted the impact of

Aero-engine power turbine rotors, characterized by bolted drum
structures, generally operate in complex, high-temperature environ-
ments for extended periods [1-5]. The temperature distribution within
rotors significantly affects thermal stress, which in turn influences the
thermoelastic coupling and vibration characteristics, ultimately
impacting the reliability of rotor [6-8]. Therefore, a thorough under-
standing of the heat transfer characteristics of aero-engine turbine rotors
is essential for effective thermal management and optimization of design
parameters.

Substantial attempts have been made to explore the heat transfer
characteristics of aero-engine rotor. For instance, Zou et al. [9] analyzed
how geometric configurations and operational parameters affect the
heat transfer of the turbine rotor. Qian et al. [10] conducted a
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geometric factors, such as curvature and surface area on cooling effi-
ciency. Owen et al. [12] provided foundational knowledge on the
convective heat transfer characteristics of free disks through extensive
experimental investigations. Lin et al. [13] performed a comprehensive
evaluation of heat transfer performance in a high-speed rotating free
disk system. Ghasemian et al. [14] conducted an investigation on the
influence of flow characteristics on heat transfer characteristics. Owen
et al. [15] reviewed buoyancy-induced flows in closed rotating cavities
and open cavities with air inflow, providing insights into how buoyancy
affects heat transfer rates. Lin et al. [16] explored the effects of various
factors, including rotational Reynolds and Mach numbers, on the heat
transfer performance of disk cavities within rotor-stator systems. Liao
et al. [17] discussed how different gap ratios influence system
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temperature and heat transfer coefficients. Recent studies [18-23]
employing both experimental and numerical methodologies have
examined how inlet fluid properties and Reynolds number affect ther-
mal performance. Hu et al. [24] demonstrated that the flow pattern
significantly influences heat transfer characteristics. The literatures [25,
26] also extensively discussed the relationship between rotational speed
and heat transfer coefficients. Creci et al. [27] conducted an
environmental-structural heat transfer analysis of a single-shaft gas
turbine, which highlighted the importance of considering both thermal
and structural integrity in turbine design. Furthermore, the research
indicates that turbines with multiple co-rotating or counter-rotating
rotors can enhance heat transfer rates due to the formation of an
interface layer between the rotating disk [28]. Li et al. [29] introduced a
heat soakage model for evaluating heat transfer performance in aero-
engines, which is particularly useful for predicting thermal behavior
during transient operations.

Overall, significant progress has been made in understanding the
heat transfer characteristics of aero-engine turbines. Particularly,
attention is predominantly focused on the environmental-structural
convective heat transfer, providing valuable insights into how geo-
metric and operational parameters affect thermal performance. How-
ever, it should be signified that apart from the environmental-structural
convective heat transfer, the structural-structural heat conduction
cannot be overlooked [31-36], particularly in the assembly power tur-
bine rotors. This aspect is especially significant in scenarios where high
thermal gradients exist within the turbine components, such as in the
transition regions between hot and cold sections or in areas with com-
plex geometries that hinder effective heat dissipation. Ignoring
structural-structural heat conduction will lead to localized overheating,
potentially resulting in thermal fatigue or failure of the components.
Furthermore, the interface factors primarily influencing
structural-structural heat conduction and the operating factors mainly
governing environment-structure convective heat transfer are syner-
gistically affecting the temperature. Given that this mechanism has been
rarely investigated, further attempts are still required to explore the
environmental-structural-structural heat transfer characteristics in
assembled turbine rotors influenced by interface contact parameters. On
the other hand, the thresholds of operating and the interface parameters
are not sufficiently explored. Identifying these thresholds is essential for
precisely evaluating the thermal characteristics of the turbine rotor and
remains an ongoing task. Meantime, the quantitative relationship be-
tween these key parameters and temperature is not clear.

Therefore, this study conducts an integrated analysis of the coupling
effects of operating and assembly interface parameters on
environmental-structural-structural heat transfer characteristics in
assembled power turbine rotors, uncovering thresholds of critical pa-
rameters and relationships with temperature. This is the innovation and
main contribution of this work. Specifically, an environmental-
structural-structural heat transfer model is firstly developed using
fractal theory and the finite element method (FEM). Integrating fractal
theory with the finite element method to capture the complex in-
teractions at the interface. This model integrates the complex geometries
and varying surface boundary conditions in turbine rotor systems.
Making use of this model, the impacts of critical factors including
rotational speed, rotational Reynolds number, tightening torque, inter-
face contact area, bolt count and surface topography on environmental-
structural-structural heat transfer characteristics are thoroughly
analyzed. Based on the analysis, the critical thresholds of operating
parameters related to working conditions, including rotational speed
and rotational Reynolds number, and their quantitative relationships
with temperature are discussed. Furthermore, the main determinants of
thermal contact conductivity (TCC), as well as critical thresholds for
assembly parameters, are elaborated.
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2. The temperature field model of the assembled rotor

The temperature field model of axisymmetric rotor element consid-
ering the convective heat transfer between the axisymmetric rotor
element and the environment is developed in this section. Subsequently,
the thermal resistance model of the bolt interface is derived based on the
fractal theory and bolt contact characteristics. The temperature field
model of the substructure is assembled through the thermal resistance
model to form an environmental-structural-structural temperature
model, which is used for subsequent analysis of heat transfer
characteristics.

2.1. The temperature field of the axisymmetric rotor element

Given the axisymmetric properties of the turbine rotor in an aero-
engine, the circumferential temperature difference is negligible during
normal operation. Therefore, as depicted in Fig. 1, the spatial temper-
ature field is simplified into a two-dimensional model that captures the
non-uniform temperature distribution in both the axial and radial di-
rections. Consequently, the transient heat transfer partial differential
equation of the axisymmetric structure is expressed as follows:

oT k (&*T 10T 0T gq,
( q) )

o Cpp 0r2+rar 6zz+k

where T represents the temperature field, t denotes time, z and r are the
axial and radial coordinates of the axisymmetric structure respectively,
g, represents the internal heat source, k denotes the thermal conduc-
tivity, ¢, represents the constant pressure specific heat, and p is the
density. The residual function expression is derived as follows:
o°T oT T oT
D[T(r,z,t)] =k|r— — rqy — rpCy— 2
2.0 = k(55 + 5152 ) . = e @
Furthermore, the following weighted residual formula is obtained
based on the Galerkin method.

02T or 02

3

where DE represents the domain of the temperature field, [ denotes the
node number, and W; is the weighting function defined as W; = dT/0T;.
Using the step-by-step integration method and Green’s formula, Eq. (3)
is formulated as the variational equation for the axisymmetric temper-
ature field.
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where I' is the boundary curve. Triangular elements are utilized to
model the temperature field. As shown in Fig. 2, each element E com-
prises three nodes, represented as | = (i,j,m). The first type of boundaries
comprises adiabatic boundaries, internal heat conduction boundaries,

Equivalence
Method

Fig. 1. The simplified method of temperature field.
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Fig. 2. Three types of boundaries.

and boundaries with temperature T. If the boundary condition for the
boundary ij is specified as either heat flux density g» or convective heat
transfer (the convective heat transfer coefficient h and the temperature
T3), then boundary ij is defined as the second or third type of boundary,
respectively.

The variation equations for the axisymmetric temperature field with
three boundary conditions are derived from the Eq. (4) and boundary
conditions as follows:

oJE oW 9T dWl oT oT
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aJE OW,OT W, T oT
6T1 //|: (Br ()T az az> WzrfIerWzrpcpE] dzdr,/yvvquzds

o OWLT | oW, T T
T, //{ (ar or oz o )7erqv+w’rpcpﬁ}dzdr
%)

It is assumed that the temperature T(i,j,m) at any location within the
element is represented by three nodes.
T(i’jv m) = [N]e[Tia ’Ijiv Tm}T 6)
where the shape function is denoted by [N]° = [N;, Nj, Ny, with its
specific expression provided in Appendix A. Consequently, the weight
function of node [ is defined as W; = N;. By substituting the weight
function and the element temperature into Eq. (5), the finite element
equation for the temperature field of the axisymmetric rotor element can
be derived as follows:

oT

pr )

rfry v 5] = e

Among them, {T}*,{0T/dt}* represent the temperature vector and
first-order derivative vector of temperature of an element, respectively.
[KTI®, [NT), and {PT}* denote the thermal conductivity matrix, heat
capacity matrix, and temperature load vector, respectively. The specific
expressions can be found in Appendix A.

The backward difference method is employed to solve the tempera-
ture field equation. The calculation equation is provided below:

[NT]

(e B8 ey = .+ B, ®

Position a b

by

pntact surface

2.2. Contact heat transfer model for bolted connections

The thermal resistance at the rotor interface encompasses the ther-
mal resistance of all bolted interfaces. Fig. 3 illustrates the thermal
resistance equivalent method of contact surface connected by bolts. All
thermal resistances are evenly distributed over the nominal contact
surface to form an equivalent thermal resistance R based on the parallel
connection property of thermal resistances. This method ensures that
the temperature at positions a and b remains consistent before and after
equivalence, accurately capturing the temperature gradient caused by
the rough bolt contact interface. The TCC model takes into account the
interface pressure characteristics of bolted connections.

The equivalent TCC equation between interfaces connected by
multiple bolts is given by [30]:

Npolt

1
EA face

1 1
Aface i—1 Rboln'

h= (C)]

where R represents the equivalent contact thermal resistance, A, de-
notes the nominal contact area of the entire interface, and Ny is the
number of bolts. Ry, denotes the contact thermal resistance of a single
bolt connection interface, with its specific expression provided in [30]:
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where k, and k;, are the thermal conductivity coefficients of the struc-
tures on both sides of the interface respectively. a;, @max, ar, and as
denote the truncated area, maximum truncated area, critical truncated

Fig. 3. The thermal resistance equivalent method.
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area, and minimum truncated area of the asperity, respectively, with
their specific expressions given in Eq. (11). erfc™! represents the inverse
function of the complementary error function, ¢ is the root mean square
(RMS) height, Ps is the small probability value, and n(a;) is the asperity
distribution density function, shown in Eq. (12). Aq, A;, and A, respec-
tively represent the nominal contact area, the total actual contact area,
and the total truncated contact area of a single bolt, as detailed in Eq.
(13).

D2
Amax = Ath71 (2 — Df)(p 2

~ 2
H\1-b; 11)
a. = 2G4* <—~)
T \oE
a;, =10718

where Dy and Gy denote the fractal dimension and fractal roughness,
respectively. H and E represent the equivalent hardness and elastic
modulus of the contact surface. ¢ is the domain expansion factor,
satisfying the equation (/J(Z_Df)/z -1+ q:’l/ZDf)lfz/Df -2/Df +1 =0,
Dy € (1,2).

2-p, Dy D2
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ad\ 2
A, = mfi — ”(?)
Atmax
A, = L d
r=3 a.n(a;)da; 13)
0
Qtmax
A= a;n(a;)da,
0

where a denotes the diameter coefficient of the bolt hole, d represents
the nominal diameter of the bolt, and r;, is the distance from the center
of the bolt hole to the stress field boundary.

As shown in Fig. 4, there is tiny gap between substructures. The heat
transfer models of the substructures are assembled through the thermal
resistance models to form an environmental-structural-structural tem-
perature model. By this method, operating parameters related to the
working condition and interface contact parameters associated with
assembly are incorporated into the model.

3. Boundary conditions of T700 power turbine rotor

Boundary conditions are crucial for calculating the environmental-
structural-structural heat transfer characteristics of the aero-engine
power turbine rotor. Convection is the primary heat transfer method
between the environment and the structure, necessitating a detailed
analysis of the power turbine rotor cavity characteristics. Heat transfer
between structures occurs predominantly through thermal conduction,
underscoring the necessity for a detailed analysis of interface

‘ Substructure |

|
! } Substructure
|

NI IR IR IR I IR IR IS

Thermal resistance model

Fig. 4. The assembly method of temperature field.
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characteristics.

This section first introduces the equivalent heat transfer rotor. It then
analyzes the heat transfer boundary conditions of the hot and cooling
surfaces in the convection heat transfer mode. Finally, it presents the
interface parameters of the assembled power turbine rotor in the
structural-structural heat transfer mode.

3.1. Equivalent heat transfer rotor

Fig. 5 shows the power turbine rotor of the T700 turboshaft engine.
The high-temperature gas generated in the combustion chamber moves
toward the turbine rotor. It undergoes convective heat exchange with
the rotor, raising its temperature and creating a temperature gradient.
The cooling structure in the aero-engine is designed to reduce the rotor’s
temperature. Additionally, the thermal resistance at rough contact in-
terfaces causes a temperature jump in the heat transfer between
different structures of the assembled rotor. The heat transfer between
the gas and the turbine disk, as well as the heat conduction in the
assembled structure, directly influence the rotor’s temperature
distribution.

An equivalent heat transfer rotor is established based on the turbine
rotor’s structural and design parameters, as shown in Fig. 6. In this
process of equivalence, key parameters such as mass, moment of inertia,
natural frequency, and vibration modes are kept consistent. This struc-
ture comprises multiple heat exchange surfaces on the cooling and hot
surfaces, as well as two bolted contact interfaces identified as @ and @.

3.2. Heat transfer boundary conditions for hot surfaces

3.2.1. Environmental temperature boundary

The gas sequentially undergoes the thermal processes of compres-
sion, combustion, primary expansion, and secondary expansion in the
core components of the T700 turboshaft engine. Based on the ideal gas
Brayton cycle process, we assume that the thermal processes in com-
pressors, gas turbines, and power turbines are isentropic, and that the
combustion process is isobaric. Fig. 7 presents the known and unknown
calculation parameters. The inlet airflow temperature T;, pressure Py,
compressor pressure ratio 7., and temperature in front of the turbine T3
are known.

The following is the process for calculating unknown temperature
and pressure.

Compression process W—@: The pressurization process of airflow
from the turboshaft engine inlet to the compressor outlet is typically
simplified as the adiabatic compression process of an ideal gas. The
adiabatic compression ratio, the isentropic process temperature-
pressure relationship, and the steady flow energy equation are
expressed as follows:

p
. = i =15
o a4
T2 - Tl (%> 7
1

W, = Cp(T2 — Th)

where P, and T, represent the outlet pressure and temperature of the
compressor, respectively. W, denotes the compression work, y is the
specific heat capacity ratio (y=1.354), and Cp is the constant pressure
specific heat capacity. The calculation results are P, = 1515kPa, Ty =
587K, W, = — 328kJ/kg.

Combustion process @—@®: Since the combustion process occurs at
constant pressure, P = 1515 kPa. According to the steady flow energy
equation, the heat energy absorbed by the combustion process is

qu = Cp(Ts — T) = 754 kJ /kg (15)

Primary expansion ®—@®: The steady flow energy equation and the



Y. Zhao et al.

Power turbine second-stage disk

Power turbine first-stage disk

International Journal of Heat and Mass Transfer 240 (2025) 126639

Power turbine shaft

Fig. 5. Power turbine rotor of T700 turboshaft aero-engine.
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Fig. 6. The equivalent heat transfer rotor.

Airinlet @ Combustion

chamber

High pressure
turbine shaft

Compressor |

Known parameters Unknown parameters

7,=16°C , P,=101 kPa
ms=4.6 kg/s , m.=15

@ ® Outlet

Power turbine
shaft

Power
turbine

Unknown parameters | Unknown parameters

Fig. 7. Calculation parameter.

temperature-pressure relationship of the isentropic process are
expressed as:

Wor = —We = —Cp(T4 — Ts)
i (16)

T4\ 7
Py =P —

where Wgr is the work value of the primary expansion. The results for
the temperature and pressure at this procession outlet are T4 = 975K, P4
= 546kPa.

Secondary expansion @—®: The isentropic process temperature-
pressure relationship and steady flow energy equation are written as:

r=1
-
! az)
Wpr = —Cp(Ts — T4)
WPT =m;Wpr

where Ps and Ts represent the outlet pressure and temperature of the
secondary expansion, Ps is atmospheric pressure, Wpr denotes the work
of the secondary expansion, Wpr represents the output power of the
power turbine, and the gas flow rate is my=4.6kg/s. Consequently, the
results obtained are Ts=627 K, Ps=101 kPa, Wpr=382kJ/kg,
Wpr=1.76MW (2360 hp). Fig. 8 depicts the P-V and T-s diagrams of the



Y. Zhao et al.

International Journal of Heat and Mass Transfer 240 (2025) 126639

T T T T T T T T T T
1237 E S
- Combustion i i Wer Primary
< @ ~ & expansion
a I N
A I515¢ . i = 975L Y ___ -9 546 kPa -
E Primary &~ + {’) S a
o cxpansion £ Wer  Combustion .
5 L J g L } ’ Secondary expansion _|
a 546 F——- @ Secondary b 6271 F-——- ______’j)
2 expansion =) 587 _f_ -4 e ®
A - 1 g - | Compression -~ 2 e
_ R
= ‘ R\
L St
S N ] 29 4o .
1 1 1 1 I 1 1 1 1 1

Volume V7 (m?3)

(a) P-V diagram

Entropy s (kJ/kg-K)
(b) T-s diagram

Fig. 8. Thermodynamic process.

aforementioned four processes, which provide the input boundary
conditions for subsequent calculations.

The secondary expansion occurs at the turbine disk position of the
power turbine rotor, leading to the following expression for the hot end
gas temperature and pressure along the axial direction:

T = —-1912.08Z 4 975
P =2445.06Z + 546 ’

Z€[0,0.182Jm

(18)

where Z represents the axial coordinate starting from the front of the
first stage turbine disk of the power turbine rotor.

3.2.2. Convection heat transfer coefficient boundary
The convective heat transfer coefficient on hot side surfaces is

determined based on the temperature and pressure distributions of the

fluid medium in the vicinity of the power turbine rotor’s hot side.

axial position and rotational speed. As the high-temperature gas passes
through the first and second turbine disks, both pressure and tempera-
ture gradually decrease, leading to a reduction in the heat transfer co-
efficient. Moreover, an increase in rotational speed enhances the heat
exchange efficiency between the hot surface and the gas.

3.3. Heat transfer boundary conditions for cooling surfaces

The cooling gas primarily undergoes convection heat exchange with
the disk side. The cooling structure design impacts the heat exchange
efficiency between the disk side and the cooling medium. Aero-engine
rotor disk cooling structures typically consist of several types. These
include a free disk structure, a stator-rotor structure without external air
supply, an open/closed stator-rotor structure with air supply, and a dual
rotor design with different flow patterns. These structures are illustrated

in Fig. 10.

B 27‘0 0.8 Q 0.8 Cao
Rhear = (ﬁ) (W) [100+ (100P(Z) — 1)(1.3 x 107*T*(Z) — 0.2T(Z) + 147.3)] 19)

The first-stage disk, the second-stage disk and the sealing structure of
the T700 power turbine together form five cavities, as shown in Fig. 11.
Cavities II, III, and IV are closed stator-rotor structures with air supply,
and cavity I and V feature open stator-rotor structures with air supply.

Owen et al. [15] conducted experiments on an open stator-rotor with
air supply (Fig. 10(c)), obtaining the average convection heat transfer
coefficient on the disk side as follows:

where ry is the radius of the disk edge, and Q denotes the rotational
speed of the rotor. This equation is applicable when P € [100,2000]kPa.
For the hot surface of the first-order disk, ry=0.085 m, Z&[0.05,0.06]m.
For the second-order disk, rp=0.09 m, Z€[0.095,0.108]m. Substituting
the above radius and axial coordinates into Eq. (18), the convective heat
transfer coefficient at the hot end surfaces can be determined for a given

4/5
0.0145ur; 71 <%> ,Re < 10°

6
c\*° 11C, 12 6
-1 10.0145( =X 0.0171( 1 + =% ) Re%814
Hra { G + * 50Rer,2 )¢

11C,rs?
0.0197uRe*/5P,35r, 1 (2.6 —45(2 14 —vd
URe ra (2.6 4+m) (2 +m)( 1+ 50Rer,?

1/6
,10° < Re < 10°

hexu —ave =

(20)

>,Re > 106

rotational speed.
Fig. 9 illustrates the variation of the convective heat transfer coef-

where r;; represents the inlet gap radius difference, ry denotes the disk
ficient on the hot side of the first- and second-stage turbine disks with

radius, C,, is the inlet flow coefficient, Re stands for the rotational
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Fig. 9. The convective heat transfer coefficient with axial position and rota-
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Reynolds number, y is the thermal conductivity of the medium (z=0.23
W~m’1-K’1), G is the gap ratio (It is defined as G=S/ry, where S is the
axial clearance between rotor and stator), and P, is Prandtl number. The
aforementioned experimental relationship is applicable to Rec[0,4 x
10°], Ge[0.01,0.18], Cy<[1.4 x 10% 9.8 x 10°], r4/ri=7.5, with air
serving as the cooling medium. The sealing structure (Fig. 10(d)) is
typically designed to prevent gas backflow. Owen et al. obtained the
expression for the average convection heat transfer coefficient of the
disk side temperature with a parabolic distribution of this structure as
follows:

hexz—ave =

ra 'Re r\°
K dﬂ [Cm(rdysout) + (rd) (Cm(rxys) - Cm(rxysout)) (21)

where S, represents the air flow outlet gap, and r; is the maximum
radius of the gap. The expression of the coefficient Cy, is:

(22)
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P )
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Codling 02’,3 3;
:1ir\ o
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(c) Open stator-rotor with air supply
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Fig. 10. The cooling structure of the aero-engine.
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Figs. 12 and 13 illustrate the variations of the average convective
heat transfer coefficient with Re, G, and C,, for the open and closed
structures with air supply. It is observed that the average convection
heat transfer coefficient increases nearly linearly as the Re and C,, in-
crease near the cooling side disk surface. In the open structure, as the G
uniformly increases, the equivalent heat transfer coefficient decreases.
Particularly, for G<0.03, the equivalent heat transfer coefficient shows
high sensitivity to changes in G, while for G>0.03, the sensitivity of the
equivalent heat transfer coefficient to G diminishes. This information
provides guidance for robust design.

Table 1 presents the design and operating parameters used for
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Table 1
Parameters used to calculate cooling side surfaces convection heat transfer

coefficient.

Parameters Cavity I Cavity V

Inlet flow coefficient Cy 6.4 x 10* 6.4 x 10*

Gap ratio G 0.5 0.3

Disk radius ry 0.085 m 0.09 m

Parameters Cavity IT Cavity III Cavity IV
Inlet flow coefficient C,, 3 x 10* 1 x 10* 2 x 10*
Maximum radius of the gap r 0.081 m 0.069 m 0.069 m
Disk radius ry 0.085 m 0.085 m 0.09 m

calculating the convective heat transfer coefficient of each cooling side
surface.

3.4. Contact interface boundary conditions

The power turbine rotor of the T700 turboshaft engine features two
contact interfaces assembled by bolts, as shown in Fig. 14. Table 2 lists
the structural and material parameters utilized to calculate the
structural-structural heat transfer characteristics. Aside from the fractal
dimension, fractal roughness, and RMS height, which are derived from
experimental data, other parameters are obtained from material prop-
erties, rotor structure, or empirical equations.

M6 bolts of grade 5.6 are utilized for assembling the substructure,
with a standard tightening torque of 4.8 N-m. Consequently, this study
employs a maximum tightening torque of 5 N-m for subsequent

1000 =¢ e = cmaer ‘ ‘ Cm1x10% - C=7x10 600
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Fig. 12. The average convection heat transfer coefficient in an open structure with air supply.
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Fig. 13. The average convection heat transfer coefficient in a closed structure with air supply.
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Fig. 14. Contact interfaces.

Table 2
Structural and material parameters of two contact interfaces.
Parameters Value Parameters Value
Fractal dimension Dy 1.6182 RMS height ¢ 1.56x107°
of interfaces
Fractal roughness Gy 4.1252x1077  Small probability value 0.05
of interfaces Py
Equivalent hardness 2.04GPa Nominal contact area of 4.4 x 107>
H interface @ m?
Equivalent elastic 108GPa Nominal contact area of ~ 0.011 m?
modulus E interface @
Bolts number Ny, of 8 Thermal Conductivity 50 W/m-K
interfaces ka,kp
Bolt hole inner 0.006 m Bolt hole diameter 1.125
diameter d coefficient a

research. The relationship between the preload torque M and bolt
preload force F is approximately expressed as F = 5Mp/d. By substituting
the bolt preload into Egs. (8)-(12), the equivalent TCC of interface ®/®@
under different assembly parameters is calculated (as shown in Table 3).
This provides essential interface boundary conditions for analyzing
structural-structural heat transfer characteristics.

4. Influence of operating parameters related to working
condition

The environmental-structural-structural heat transfer characteristics
are significantly influenced by operating parameters related to working
conditions, particularly rotational speed and rotational Reynolds num-
ber. For aeroengine turbine rotors operating under low Mach number
conditions, these parameters are crucial in governing the convective
heat transfer between the fluid medium and the rotor structure’s surface.
Consequently, this section initially examines the impact of rotational
speed and rotational Reynolds number on environmental-structural-
structural heat transfer characteristics using an equivalent heat trans-
fer model.

4.1. Different rotational speeds

The heat transfer coefficients for the first-stage and second-stage disk
edges, as well as the cooling surfaces, are calculated over a range of
rotational speeds from O to 21,000 rpm. This analysis considers the
maximum rotational speed of the T700 power turbine rotor, which is

Table 3
The equivalent TCC under different assembly parameters.
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Table 4
Heat transfer coefficients at different rotational speeds.

Rotational First-stage disk Second-stage disk Cooling surface
speed edge (W/(m2K)) edge (W/(m2K)) (W/(m2K))
(rpm)

0 0 0 Cooling surface 1:
1000 59.82 40.30 133.0

2000 104.16 70.17 Cooling surface 2:
3000 144.08 97.05 125.4

6000 250.86 168.99 Cooling surface 3
9000 346.98 233.74 :114.0

12,000 407.40 274.44 Cooling surface 4:
15,000 522.14 351.73 108.3

18,000 604.13 406.96 Cooling surface 5:
21,000 683.42 460.38 67.93

20,900 rpm. The results are summarized in Table 4.

The environmental-structural-structural heat transfer characteristics
under different rotational speeds are analyzed using the above boundary
conditions. Fig. 15 illustrates the temperature distribution along two
radial paths of the power turbine at various w. The observations are as
follows:

(1) The temperature of the first-stage turbine disk increases nearly
linearly along the radial direction (Path I). In contrast, the tem-
perature of the second-stage turbine disk rises non-linearly along
the radial direction (Path II), peaking near the disk’s edge.

(2) The disk temperature remains at room temperature when the
rotor is stationary. The efficiency of heat exchange between the
high-temperature gas and the disk edge improves as the speed
increases, leading to an elevation of the turbine disk temperature.
However, beyond 6000 rpm, the rate of temperature rise di-
minishes gradually, suggesting a reduced impact of rotational
speed on the temperature distribution.

Fig. 16 illustrates the temperature distribution along two axial paths
of the turbine rotor at various rotation speeds. The following observa-
tions can be made:

(1) The temperature along Path III shows a gradual increase, with
higher temperatures observed near the turbine disk edge. This is
attributed to Path III’s proximity to cavity @ and the first-stage
turbine disk. Path IV, between the first- and second-stage disks,
exhibits temperatures peaking near the first-stage disk and
decreasing axially.

(2) Heat transfer efficiency increases with higher rotational speeds,
resulting in higher temperatures along Paths III and IV, especially
near the first-stage disk edge. Above 6000 rpm, the temperature
increment decreases, indicating a temperature low-sensitivity
zone to rotational speed. The critical speed for the power tur-
bine rotor is approximately 6000 rpm.

The critical rotational speed threshold correlates with the transition
in fluid dynamics. The transition from laminar to turbulent flow esca-
lates as rotational speed rises, significantly impacting heat transfer ef-
ficiency. Upon reaching a critical speed, turbulent flow stabilizes,
diminishing the influence of rotational speed on heat transfer efficiency.

Tightening torque Equivalent TCC of interface @ Equivalent TCC of interface @

Tightening torque Equivalent TCC of interface @ Equivalent TCC of interface @

(N-m) (W/m?2K) (W/m2K) (N-m) (W/m2K) (W/m2K)
0.05 175.8 82.9 2 10,174 4799.1
0.1 1329.5 627.1 3 13,568 6400.1
0.5 3918.9 1848.5 4 16,707 7880.9
1 6286.4 2965.6 5 19,689 9287.1
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Fig. 16. Temperature distribution of Path III and Path IV under different rotation speeds.

Table 5
Heat transfer coefficients at different rotational Reynolds numbers.

Rotational Reynolds Cooling surface 1 Cooling surface 2 Cooling surface 3

Cooling surface 4 Cooling surface 5 First-stage disk Second-stage disk

numbers x10* W/(m2K) W/(m2K) W/(m2K) W/(m2K) W/(m2K) edge W/(m?K) edge W/(m?K)
9 54.9 40.7 25.8 24.4 67.93 360 252
12 64.9 53.3 40.7 38.4 67.93 360 252
15 76.4 67.3 53.3 47.2 67.93 360 252
18 88.10 79.7 67.3 63.6 67.93 360 252
21 99.6 91.7 79.7 75.3 67.93 360 252
24 110.7 103 91.7 86.6 67.93 360 252
27 122.3 114 103 97.6 67.93 360 252
30 133.0 125.4 114 108.3 67.93 360 252

This phenomenon is also associated with boundary layer thickness.
Convection heat transfer mainly occurs in the boundary layer region. At
lower rotational speeds, the boundary layer thickness is highly respon-
sive to rotational speed changes, making heat transfer more sensitive.
However, at higher speeds, the boundary layer becomes sufficiently
thin, reducing the sensitivity of heat transfer to variations in rotational
speed. The centrifugal force also influences this process. As rotational
speed rises, the increasing centrifugal force drives faster gas flow across
the rotor surface, promoting enhanced heat transfer. However, at higher
rotational speeds, the effect of centrifugal force stabilizes, leading to a
steady-state heat transfer effect.

10

4.2. Different rotational Reynolds numbers

The rotational Reynolds number is a dimensionless number that
describes the flow characteristics of fluids in a rotating system. It is
defined as:

R2
Re = or
12

23
where R is the rotor radius, o is the angular velocity, and v is the ki-
nematic viscosity of the fluid medium. This section delves into the
environmental-structural-structural heat transfer characteristics of the
power turbine rotor under different rotational Reynolds numbers.
Table 5 displays the calculated average convective heat transfer
coefficients for the cooling and hot surfaces during steady operation at
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Fig. 18. Temperature distribution of Path III and Path IV under different Reynolds numbers.
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Fig. 19. The relationship between the rotational Reynolds number/rotational speed and temperature.

10,000 rpm, with the cooling surface’s rotational Reynolds number
spanning from 9 x 10* to 3 x 10°.

The environmental-structural-structural heat transfer characteristics
under different rotational Reynolds numbers are analyzed using the
above boundary conditions, as shown in Fig. 17. It is observed that the
temperature of both the first- and second-stage turbine disks increases
along the radial direction, peaking near the disk edge. As the rotational
Reynolds number increases, the heat exchange efficiency between the
cooling gas and the turbine disk improves, resulting in a reduction in the
overall temperature of the turbine disk. This cooling effect is more

11

pronounced closer to the root of the turbine disk. Beyond a rotating
Reynolds number of 2.4 x 10°, the rate of temperature increase on the
disk decreases significantly, indicating a diminishing impact of the
rotating Reynolds number on the temperature field.

Fig. 18 shows the temperature distribution along two axial paths at
various rotational Reynolds numbers. The temperature increases grad-
ually along the axial position of Path III and decreases gradually along
Path IV. The rate of temperature increase slows as one approaches the
first-stage disk edge. Furthermore, an increase in the rotational Reynolds
number results in a decrease in the overall turbine temperature. For the
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Fig. 20. Equivalent TCC under different assembly mechanical parameters.

power turbine rotor of the T700 turboshaft engine, the sensitivity of the
temperature field to the Re gradually decreases when Re exceeds a
certain critical value.

At low rotational Reynolds numbers, the transition from laminar to
turbulent flow, changes in boundary layer thickness, and enhanced
rotational effects result in a high sensitivity of the convective heat
transfer coefficient to changes in the Reynolds number. As the Reynolds
number increases, these effects stabilize, reducing their influence on
heat transfer at higher Reynolds numbers.

Fig. 19 shows the quantitative relationship between the rotational
Reynolds number/rotational speed and temperature along Path I
Quantitative analysis reveals an exponential correlation between the
rotational Reynolds number/rotational speed and temperature.

5. Influence of interface contact parameters associated with
assembly

Given that the heat transfer paths in power turbine rotor are typically
formed by bolted connections, the environmental-structural-structural
heat transfer characteristics are influenced by interface contact param-
eters related to assembly. This section initially examines the impact of
assembly mechanical parameters, structural design parameters, and
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surface topography parameters on the equivalent TCC. Subsequently, a
finite element model of the assembled rotor is employed to investigate
the environmental-structural-structural heat transfer characteristics
under varying assembly parameters.

5.1. Influence of multiple factors on equivalent TCC

5.1.1. Assembly mechanical parameters

Variations in tightening torque impact the actual contact area of the
connection interface, thereby influencing the TCC. Fig. 20 illustrates the
equivalent TCC of interface ®/®@ under varying assembly tightening
torques. The analysis presents results considering two distinct surface
morphologies to ensure the reliability of the conclusions. Several
intriguing findings emerge:

(1) The equivalent TCC increases as tightening torque increases. This
phenomenon is attributed to the increase in tightening torque,
which results in greater contact pressure at the rough surfaces. As
the pressure rises, the actual contact area between the interfaces
enlarges. Eqs. (8) and (9) demonstrate that this reduces the
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Fig. 21. Equivalent TCC of interface @ under different structural design parameters.
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Fig. 23. Equivalent TCC under different surface topography parameters.

conductivity), thus diminishing the interface’s capacity to resist
heat transfer.

The standard tightening torques for M6 bolts of grades 5.6, 6.6,
and 8.8 are 4.8 N-m, 7.7 N-m, and 10 N-m, respectively. The
equivalent TCC demonstrates near-linear behavior at these stan-
dard tightening torques.

Furthermore, for the identical type of bolt, quantities, and
tightening torques, the equivalent TCC at interface @ exceeds
that at interface @ significantly. This disparity suggests that
smaller interfaces exhibit lower contact thermal resistance,
which can be attributed to their ability to achieve more complete
contact under the same parameters.

(2)

3

5.1.2. Structural design parameters

Structural design parameters, such as the apparent contact area of
the interface and the number of bolts, significantly impact the heat
transfer characteristics of the power turbine rotor. Fig. 21 and Fig. 22
depict the impact of these parameters on the equivalent TCC of interface
@ and interface @, respectively. The results indicate that as the number
of circumferential bolts increases, the equivalent TCC exhibits a nearly
linear increase. Furthermore, this effect is more pronounced with a
smaller apparent contact area. Conversely, an increase in the apparent
contact area results in a decrease in the equivalent TCC. Notably, for a
larger interface, an insufficient apparent contact area may lead to con-
tact heat conduction entering the sensitive area.

13

5.1.3. Surface topography parameters

Interfaces with different morphologies exhibit diverse interface dy-
namic characteristics under the identical preload load, thereby
impacting the heat transfer characteristics between interfaces. Fig. 23
illustrates the influence of fractal dimension, fractal roughness, and RMS
height of the interface on the equivalent TCC of the two interfaces.
Fig. 23(a) shows that the equivalent TCC gradually increases with the
fractal dimension. Fig. 23(b) indicates a sudden drop phenomenon as
the fractal roughness increases. For fractal roughness values below 3 x
10711, there is a sensitive region where the equivalent TCC is highly
sensitive to fractal roughness. Beyond this threshold, the equivalent TCC
decreases nearly linearly, with significantly reduced sensitivity. Fig. 23
(c) shows that as the surface RMS height increases, the equivalent TCC of
the two interfaces decreases, with a diminishing rate of decrease.

5.2. Heat transfer characteristics with different assembly parameters

Changes in TCC ultimately manifest as changes in the temperature
field of the combined rotor. To investigate the heat transfer character-
istics under different TCCs, the local temperature field distribution
characteristics at the interface and the quantitative temperature distri-
bution along the critical path are analyzed. Fig. 24 shows the local
environmental-structural-structural temperature distribution charac-
teristics of the interface under various assembly parameters. It is
observed that smaller tightening torques result in a more pronounced
temperature field jump phenomenon at the interface. Conversely,
increasing tightening torque enhances the continuity of temperature
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transfer along the axial direction at the interface. This is attributed to the
increased actual contact area of the interface at higher tightening tor-

ques, leading to a higher equivalent TCC.
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Fig. 25. Three paths for quantitative temperature analysis.
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Fig. 25 shows the quantitative description of the environmental-
structural-structural heat transfer characteristics along three paths.
Paths V and VI represent radial paths, while Path VII is an axial path.
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Given that the power turbine rotor emphasizes the shaft’s bending
mode, even small temperature changes on the shaft can significantly
impact its bending dynamic behavior. Thus, a quantitative description of
the temperature distribution along Path VII is essential.

Fig. 26(a) depicts the environmental-structural-structural tempera-
ture distribution along Path V, where a temperature jump occurs across
the two interfaces. This jump diminishes gradually with increasing
tightening torque, becoming negligible at the standard torque of 4.8 N-m
for grade 6.6 bolts. At full contact, the radial temperature remains
continuous. The temperature distribution along Path VI (Fig. 26(b))
reveals that under this boundary condition, the radial temperature dif-
ference decreases as the tightening torque increases, eventually
approaching the temperature distribution at full contact. Fig. 26(c) il-
lustrates the temperature distribution along Path VII, indicating that as
the tightening torque increases, the temperature difference along the
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axial direction gradually rises. The reason is that reduced heat transfer
resistance facilitates greater heat transfer from the turbine disk to the
shaft. In addition, a critical threshold of assembly parameter can be
clearly found in Fig. 26(a), which is about 0.5 N-m. When it is less than
this value, there is a large temperature jump on the heat transfer path.
This means that the rotor cannot effectively transfer heat to the cooling
area, resulting in local overheating.

6. Experiment verification

In this Section, the reliability of the model is verified. Fig. 27 shows
the experiment setup of the assembly rotor and heating structure. The
rotor consists of three substructures, assembled by bolts, forming two
rough contact surfaces.

As shown in Fig. 28, the turbine disk is locally heated, and five
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Fig. 29. Temperature at five measuring points.

Table 6
Relative error analysis of experiment results and simulation results.

Experiment result Simulation result Relative error

(°C) (°C) (%)
Measuring point 224.2 222.7 0.67
Ib[easuring point 248.7 247.7 0.40
ifleasuring point 250.4 244.9 2.20
I?:/Ieasuring point 256.7 257.9 0.47
l?/[easuring point 227.2 226.9 0.13
5

measuring points are arranged on the assembled rotor.

Fig. 29 shows the temperature measured at five measuring points
after the temperature field is stabilized. It can be found that the average
temperatures within 400 s from measuring point 1 to measuring point 5
are 224.2°C, 248.7°C, 250.4°C, 256.7°C, 227.2°C, respectively.

A temperature field simulation analysis under full contact is per-
formed based on the conditions in the above experiment. The experi-
ment results at the five measuring points are compared with the
simulation results, and relative error analysis is performed, as shown in
Table 6. The maximum relative error of 2.2 % confirms the robustness
and practical relevance of the model used for analyzing heat transfer
characteristics.

7. Conclusions

In this work, considering the combined effects of operating param-
eters and interface parameters, the environmental-structural-structural
heat transfer characteristics of T700 turboshaft engine’s power turbine
rotors are systematically analyzed, and the critical thresholds of these
parameters and their quantitative relationships with temperature are
explored. The findings are anticipated to enhance the design and effi-
ciency of the power turbine rotor systems in various industrial appli-
cations. The main conclusions are:

(1) An environmental-structural-structural heat transfer model is
developed using fractal theory and the finite element method.
This model incorporates the effects of operating parameters
related to working conditions and interface contact parameters
associated with assembly. Operating parameters primarily influ-
ence convective heat transfer, while interface contact parameters
mainly govern heat conduction. These parameters synergistically
affect the temperature of the power turbine rotor. The modeling
process begins with the development of a convection heat

(2)

3)

4

()
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transfer model for the substructure. The substructure is then in-
tegrated into a complete rotor model using a contact thermal
resistance model that accounts for the distribution of bolt contact
pressure.

The heat exchange efficiency between the high-temperature gas
and the hot side increases with rotational speed. In contrast, the
heat exchange efficiency between the cooling gas and the cooling
side is positively correlated with the rotational Reynolds number.
These contributions to the turbine disk’s overall temperature
exhibit contrasting trends. It was found that the rotational Rey-
nolds number and rotational speed have an exponential rela-
tionship with temperature through a quantitative analysis
process. These insights are pivotal for optimizing the turbine
disk’s temperature distribution.

Beyond a critical rotational speed of 6000 rpm or a critical
rotational Reynolds number of 2.4 x 10°, the temperature enters
a low-sensitivity regime, indicating that the temperature in this
regime is minimally affected by these factors. When operating
conditions exceed critical thresholds, heat transfer performance
will changes significantly, potentially leading to engine rotor
overheating, which would adversely affect engine reliability and
safety. This highlights the importance of accounting for these
critical thresholds when designing the cooling system and
analyzing the dynamic performance of thermoelastic coupling.
The equivalent TCC at interfaces increases with tightening tor-
que. Under standard tightening torque condition for M6 bolt, the
equivalent TCC falls within a near-linear range. Variations in the
number of bolts, apparent contact area, fractal dimension, fractal
roughness, and surface RMS height lead to different trends in
equivalent TCC within certain range. Furthermore, smaller in-
terfaces exhibit less significant contact hindrance effects under
identical parameters.

The variation in assembly parameter influences the
environmental-structural-structural heat transfer characteristics.
Specially, decreasing the tightening torque reduces the actual
contact area at the interface, resulting in a more pronounced
temperature jump. It easily causes local overheating of the
assembled power turbine rotor. It is worth noting that there is a
critical threshold for assembly parameters. Identifying this crit-
ical threshold will help avoid some problems such as reduced
heat transfer performance due to excessive interface thermal
resistance, thereby ensuring that heat can be transferred from the
high temperature area to the cooling area faster. These results
underscore the importance of precise tightening protocols to
stabilize thermal performance and minimize temperature gradi-
ents at critical interfaces.
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Appendix A

The interpolation functions in the shape function matrix are expressed as:

1
N; = o7 (a; + bir + ¢;2)
N =5~ (@ + bir + ¢2)
1
N = = (am + bl + Cn2)

2A

where the unknown parameter A is equal to b;c; + bjc;. The coefficients a;, b;, c;,
node coordinates:

QG =TiZm—Tm% bi=2—2n c=Tn—1
QG =TnZi—TiZm bj=2n—2 ¢ =r—Ty
Ay =1iZ —Ti% bn=2—-2 chn=1—-1;
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(A1)

aj, b, ¢j, @, by, cm are undetermined, they are obtained based on the

(A2)

where the position coordinates of the three nodes i,j, and m of an element are (r;,2;), (t},2;), (rm,2m) respectively. The thermal conductivity matrix, heat
capacity matrix, and temperature load vector of a thermal element are expressed as:

¢ (bjz +q ) & (bib +cicj) &' (bibm + cicm)
KT]F = ¢ (bibj + cicj) ¢ (bJ2 + cJZ) ¢ (bbm + cjcm)
L& (bibm + Cicm) ¢ (Bibm + Cicm) ¢ (b7, +¢2)
) A A
307% (Bri+1+1m) 507 (2ri+2r+1) 507 (2ri +1 4 2r)
A
INT]® = 507 (2ri+ 21+ 1) 307 (ri+3r+1m) ) (ri +2r, + 2ry)
A A
“50PCr (2ri + 174 2r) 50" (ri+2r, + 2ry,) 307 (ri+71+3rm)

T
2 (i1 + 2r,) ]

A
—qu(ri +2r+7m) 5

A
pPTVE = | 2, S
{PT} {12qv(2n+r,+rm) 3

where the coefficient ¢ is expressed as ¢’ = k(r; +1j + rm)/(124).
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