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Abstract: According to the discontinuous structural characteristics of a gas turbine, by considering the
contact thermal resistance of the rough surface, a contact thermal resistance measurement experiment
was conducted in this study. The main objectives of this work were to investigate the influence
mechanism and change law of the contact thermal resistance characteristics on flange installation.
Furthermore, this study conducted a theoretical analysis of contact thermal resistance and the
calculation of a typical flange mounting edge based on actual operating conditions. The research
results show that the contact thermal resistance of a typical flange mounting edge increases with an
increase in flange clearance under different tightening torques, which is essentially proportional to
the flange clearance. As the flange clearance increases, the unit contact thermal conductivity firstly
decreases rapidly. Then, as the flange clearance reaches 0.4 mm, the decreasing rate of unit contact
thermal conductivity tends to flatten. In addition, the contact thermal resistance of the typical flange
mounting edge decreases with the increase in the tightening torque under different flange clearances.
Furthermore, the contact area ratio is not related to the material, and the contact thermal resistance
under actual working conditions can be calculated using the unit contact area.

Keywords: casing flange; flange clearance; tightening torque; unit contact thermal conductivity;
contact thermal resistance

1. Introduction

Aero-engine casing is an important component of an engine, which supports rotating
parts, fixes the stator blades and their accessories, and also needs to transmit the thrust
of the engine to form a gas flow channel [1]. The distribution of a typical engine casing
connection structure is shown in Figure 1. Aero-engine casings are generally cylindrical
shells or conical shells, and each casing is connected by flange mounting edge structures,
and the connection is performed by bolt structures.

Figure 1. Distribution of typical engine flange connection structures.
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Flange casings for aero-engines are commonly connected through the flange mounting
edge. The common flange mounting edge connection structure is shown in Figure 2. The
casings are fastened and joined by bolted flange connections, which experience significant
excitation forces [2]. These unbalanced loads lead to significant bending responses and
strains (i.e., deflection) in the assembled aero-engine casings, especially at the bolted flange
interface [3,4]. Moreover, as a result of the presence of contact thermal resistance on the
flange mounting surfaces, the process of heat transfer is complicated [5]. Moreover, consid-
ering contact mechanics, it is apparent that there is a certain amount of surface roughness on
the flange mounting contact surface between actual casings, which is essentially a contact
problem between two rough surfaces. Currently, research on the contact characteristics
between rough surfaces mainly focuses on heat transfer and dynamics [6]. Aerodynamic
and thermodynamic performances are of importance for safe engine operation [7-9]. There-
fore, the key to the analysis of discontinuous contact surfaces lies in the study of contact
stiffness and thermal resistance on these two surfaces. Contact thermal resistance is an
important characteristic of rough surfaces and has continually been the focus of research
in the field of heat transfer [10]. Both the theoretical study [11] and the experimental
testing [12] of the contact thermal resistance of the bolt connection structure confirmed
the non-uniformity of the contact thermal resistance at the flange connection interface.
The non-uniform contact thermal resistance of the connection interface has an important
influence on the temperature distribution of the flange structure. In particular, the thermal
problem of high temperature is always a hot topic in engine research [13,14]. Due to the
high gas temperature inside the aero-engine, for the casing, the mechanical conditions
of the flange mounting edge are very complicated under the action of mechanical load,
thermal load, and aerodynamic load. The load of the tightening bolt changes with the
pressure and temperature, and eventually, the joint surface of the bolted connection on
the flange mounting side will be disengaged, resulting in a more drastic change in the
temperature field of the mounting side, and the phenomenon that the pre-tightening force
will gradually decrease. With the increase in the service time of the bolted structure and the
decrease in the preload force to a certain level, the structure will appear to exhibit leakage,
abnormal noise, shaking, and other phenomena, and in extreme cases, it will also cause
catastrophic consequences such as structural disintegration. Therefore, contact thermal
resistance plays a critical role in the structural design of aero-engines. For the structural
design of an aero-engine, it can effectively reduce the cost of maintenance during service.
Ensuring the long-life and high-reliability operation of the engine is of great significance.
Therefore, there is a practical demand for research into contact thermal resistance on flange
mounting surfaces.

-

s

(a) inner stop mounting edge (b) without stop mounting edge (c) external stop mounting edge

Figure 2. Flange mounting edge bolted connection structure of aero-engines.

Bolted flanges in aero-engine casings exhibit a nonlinear response when subjected
to forced vibration [15]. Heat transfer across a pressed joint is significantly governed by
contact thermal conductance, which in turn depends on the thermophysical properties
of materials in contact, surface properties, contact pressure, working temperature, and
interstitials present at the interface [16]. In a realistic structure, the actual contact area of a
bolt joint surface only accounts for 0.01-0.1% of the nominal area. This sharp decrease in
contact area causes a reduction in the heat flux, thereby generating thermal resistance on
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the bolt joint surfaces [17]. Contact thermal resistance is an essential contact characteristic of
rough surfaces and has always been a hot topic in the field of heat transfer. Yovanovich et al.
conducted a lot of theoretical and experimental research on the study of heat transfer on
rough surfaces, which laid the foundation for further studies into thermal resistance [18-22].
Furthermore, there is a great deal of research focused on simulation calculations of contact
thermal resistance. Fletcher and Madhusudana investigated single-point and multi-point
contact models to calculate thermal resistance, respectively. These approaches were used to
calculate thermal resistance for porous materials and synthetic materials [23]. Toshimichi
et al. researched and summarized the relationship between ordinary mechanical interfaces
through experiments. They found that the thermal resistance of bolt joint surfaces is related
to the surface topography, the material surface hardness, and the contact pressure [14].
On the basis of multi-point contact theory, Liu et al. established the calculation model for
thermal resistance at high temperatures. They investigated the influence of roughness,
pressure, temperature, and the thermal conductivity of the gap material on the thermal
resistance of contact surfaces [24]. The above studies provide references for studying the
heat transfer process of the engine flange contact surface. However, there is not a reliable
method to calculate the contact thermal resistance. This largely remains to be explored.

In this paper, in order to accurately calculate the thermal resistance, a mathematical
model was established for contact thermal resistance, and a new calculation method was
proposed. In addition, according to the mathematical model, an experimental model of
contact thermal resistance for engine casings was designed and established. The charac-
teristics of contact thermal resistance were obtained through experiments. Moreover, the
new calculation method proposed for thermal resistance was verified, and the thermal
resistance formula for the flange mounting edge was fitted.

2. The Measurement Method of Contact Thermal Resistance
2.1. Mechanics Principles of Contact Thermal Resistance

The elastic contact model is in good agreement with conditions of contact heat transfer
for harder materials. In the case of repeated loading, the micro-contact surface may initially
deform plastically, but eventually it will reach a fixed shape, after which, it will undergo
complete elastic deformation [25-27]. Therefore, deformation on the contact surface can be
elastic during the subsequent action. Thus, it can be considered that the deformation of
the micro-convex body is elastic during contact. The heat flux passes through the contact
interface, and the heat flux line only shrinks through these discrete contact points. The heat
flux of the entire plane can be regarded as the composition of many parallel channels for
small heat fluxes through the contact points. The following assumptions are made about
these contact points:

(@) The contact between the micro-convex body is elastic, i.e., the problem is the Hertz
contact problem, and the radius of curvature at the contact point is the same;

(b) There is no heat flux loss during the contact process; all heat flux is conducted through
the contact between solids;

(¢) The physical parameters of the contact body remain unchanged during the contact
heat transfer process;

(d) The contact points are under the same interface temperature, and there is no heat
exchange between them.

The contact area ratio can be defined as

_

A= 4 1)

The contact thermal resistance ratio can be obtained as
R.
= -, 2
R= 7 ()

n
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where A, is the actual contact area, where the unit is m?%; A, is the nominal contact area,
where the unit is m2; R, is the actual total contact thermal resistance of contact, where the
unit is K/W; R, is nominal contact thermal assistance assumed by the height of the contact
body in ideal condition, where the unit is K/W. Assuming that two bumps are in contact, a
single-point hemispherical contact model is adopted. As a result of the parallel relationship
between the contact thermal resistances, for the contact thermal resistance of the i contact
point, the total contact thermal resistance is calculated as

Lyl ()

R. &R
When the size of each contact body of the contact surface is approximately equal and
the height of the contact point approximately converges to the surface roughness, it can be

expressed as
! €

T MA, | MA,

where c; and c; are the surface roughness of experimental piece 1 and experimental piece 2,

respectively, where the unit is um; A; and A, are the material thermal conductivity of

experimental piece 1 and experimental piece 2, respectively, where the unit is W/K-m.
The actual total contact thermal resistance of the contact surface can be expressed as

Ry

(4)

C1 2 C1 Co 1
T MAL MAL T MAAn MaAn na

Ry. ®)

Based on Equation (5), then, a mathematical model can be established as follows.

_Aa _Re_ 1

— = = . 6
1A= 27 R, - (6)

In Figure 3, c1 and c; are the surface roughness of experimental piece 1 and experi-
mental piece 2 on the contact surface, respectively.

e
¢ c 1.2

Figure 3. The ratio of actual contact area to the nominal contact area.

Consider that the radius of curvature and the contact radius of the two bumps are
equal. According to the Hertz formulation, we have the following formulas for single-point
hemispherical contact:

1—m? | 1= p? mOmax 1= m? | 1—p?
- _ b T 7
1—u2 11— w2 m? 2
g = ( Eill + Ef )7 “Ojmax " 1i = Eriz- 8)

For the i contact point, r; is the contact radius, where the unit is m; b; is the curvature
radius of convex point, where the unit is m; y1 and y; are the Poisson ratio of experimental
piece 1 and experimental piece 2, respectively; E1 and E; are the elastic modulus of materials
for experimental piece 1 and experimental piece 2, respectively, where the unit is MPa;
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Oimax is the maximum contact stress of the i contact point area, where the unit is N/ m2;
and ¢; is the axial average contact strain of i contact point area, where the unit is m.
The nominal average contact stress is

— F
TAn = 5 9
n
The nominal average contact strain is
_ 1
g, = Anlf g;ds. (10)

Because that is the only force at the contact point between the two contact surfaces,
the following formulas can be obtained:

jf g;ds =~ Z nbizsi. (11)

An
Then,
b; 1
2 2
Ag =) mr? =) nsié =) nb; s,-z—bi. (12)

The radius of the curvature of the convex point approximately converges to the
surface roughness c; on the entire contact surface, i.e., b; = c;; the following formulas can

be obtained: A — /1 1
a €An
=2 A (24 ). 13
=2, = 2 (cl Cz) 13
This area ratio is the equivalent area ratio, where A, is the actual contact area, where
the unit is m?; and A,, is the nominal contact area, where the unit is m?.
According to the theory of material mechanics, the average contact stress and the

average contact strain have the following relationship:

TAH = EAn € An- (14)

The average contact stress can be obtained from the average contact strain, where E 45,
is the equivalent elastic modulus of the contact surface:

1 1—p?  1—p?
—_— = . 15
Ea, Eq * E (15)
We obtain

1 ZEA Cc1C2 2C1C2
= —=—". = — ) (16)
Ha  0Oa, C+c  Ea(Ger+c2)

1R

It can be seen that the contact thermal resistance ratio is only related to the contact
stress, contact material properties (mainly elastic modulus E and Poisson’s ratio ), and
surface roughness.

Because the temperature is ultimately also reflected in the contact stress, there is no
need to separately analyze the temperature as an independent variable. The average contact
strain can be set at a specific position on the flange mounting edge, and the corresponding
average contact strain can be calculated by measuring the displacement of these points.
As long as the flange deformation measured by the measuring points set on the mounting
edge is consistent with the engine condition, it can be determined that the flange is under
the same contact stress condition, and the contact area ratio and thermal resistance ratio
obtained from the experiment are also consistent with the engine condition.
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2.2. Calculation of Contact Thermal Resistance

The materials and temperature conditions of the flange mounting edge in the experi-
ment are different from those of the actual flange. A set of calculation methods for the actual
flange mounting edge contact thermal resistance is needed to obtain the contact thermal
resistance of the actual flange mounting edge. The mounting edge for the experimental
flange has the same deformation 6 4,1 and surface roughness as the actual part, through
which the contact area ratio at this time can be calculated, and the contact thermal resistance
ratio can be derived: . 5

Rl = — = # (17)
na1 Ean(c1+c2)

This contact thermal resistance ratio is the bridge between the experimental and the
actual contact thermal resistance. The actual contact thermal resistance can be calculated
using the contact thermal resistance ratio according to the thermal conductivity, surface
roughness, and nominal contact area of the actual component material:
‘1 €2

MA, T A,

Rer = 11 - (18)

The average contact stress corresponds to the average contact strain one-to-one, and
the average contact strain is determined by the preload, bolt thickness, tension, and gas
parameters. However, the experiment cannot be carried out directly in the actual working
environment of the engine. Therefore, it is necessary to examine the geometric similarity
between the experimental and the actual conditions. Taking the same flange shape variable
as the similar condition, the flange deformation is obtained under different preload, bolt
consistency, tension, and gas parameters. On this basis, the same contact thermal resistance
ratio can be obtained by designing the deformation of the experimental flange to be the
same as the experimental condition.

2.3. Principles of Contact Thermal Resistance Measurement

The most widely used method for measuring contact thermal resistance is the static
heat flux method. The basic principle is as follows: Maintain the two specimens in axial
contact under a certain pressure and apply the corresponding load, insulating the surface
and heating one of the experimental pieces. As a result of the outer sides of the two
experimental pieces being insulated, the heat can only be transferred in the axial direction.
Although the heat flux in the area near the contact interface is three-dimensional, this
area is very small, so the problem can be approximately treated as a one-dimensional heat
conduction problem. By measuring the temperature of the experimental piece at different
positions along the axial direction, the axial heat flux and the temperature difference at
the interface can be obtained, and the measured value can be obtained according to the
definition of contact thermal resistance.

The experiment needs to measure the total thermal resistance of the two sets of
experimental pieces, i.e., the assembled experimental piece with the same actual size
and installation (with contact thermal resistance) and the overall experimental piece as a
comparative experiment (without contact thermal resistance). Moreover, the measured
thermal resistances are average values, as shown in Figure 4. During the experiment, it is
necessary to accurately measure the temperature difference AT between the ends of the
two experimental pieces at the same axial position and the actual heat flux ®, through the
flange contact surface.
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Flange 1< b W

mounting edge

oo} |

Casing 1}=i- --#|Casing 2
= -
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(a) the assembled experimental piece (with flange m(;unting edge structure)

/

p / /',/ /,

= ﬁ Ir
(b) overall experimental piece (without flange mounting edge structure)

Figure 4. Schematic diagram of the assembled experimental piece and overall experimental piece.

The multiple sets of measuring points are arranged correspondingly in the axial
direction for the assembled experimental piece and the overall experimental piece. The
locations of the temperature measurement points on the axis are shown in Figure 5. The
temperature T; (i =2, 3, ... ,4) of each point can be measured in the experiment. The axial
heat flux density ®;; between any two measuring points can be obtained by Fourier’s law
of heat conduction:

q).._/\..A..Ti_Tj (19)

0

where )ti]- (i,j=2,3,4,...,8)is the average thermal conductivity between the measuring
points, where the unit is W/ (K-m); Aij is the heat transfer area for each measuring point
position, where the unit is m?; x; is the position coordinate of each measuring point, where
the unit is m. The heat flux obtained according to the temperature of two adjacent points
is different due to the inevitable heat loss around the experimental piece. The arithmetic
mean of the heat flux values on both sides of the interface is used as the measured value.
The assembled experimental piece is taken as an example, where AT, is the average
temperature difference between two sections, where the unit is K and ®; is the heat flux

through the flange:

1
o, = 5(‘1’34 + ®yp). (20)

Then, the total thermal resistance R; of the assembled experimental section can be
obtained through the temperature difference and the actual heat flux.

Rj=— (21)

In the same way, the total thermal resistance R, of the overall experimental section

can be obtained: AT
h

R, =—"1 22

U (22)
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Then, the contact thermal resistance is

R =Ry —Ry. (23)

[ Temperature measurement points]

Figure 5. Distribution of temperature measurement points in the assembled experimental section.

3. Experimental Rig and Method
3.1. Research Object and Experimental System

The experimental rig for flange contact thermal resistance is shown in Figure 6. Con-
sidering the conditions of clearance adjustment, bolt tightening force adjustment, etc., the
different experimental conditions were achieved by replacing the experimental piece and
adjusting the screw. Moreover, the experimental section was divided into an assembled
experimental section and an overall experimental section for comparative experiments to
obtain the contact thermal resistance.

————— Endshield

‘i V4
: TS

->{ Assembled experimental casing 2 ]

[Tighting torque bolts }<----

[Clearance adjustment screw ]4-_-

[ Platinum resistance ]<---- =

»[Assembled experimental casing 1 ]

Cooling Pipe =

>[Ten1perature scanning valve ]

Figure 6. Structure diagram of the experimental bench.

The main structure of the experimental piece refers to the connection flange in front
of the mounting edge of the high-pressure turbine casing for the 2000AX core machine.
The inner diameter of the flange was 860-870 mm, the outer diameter of the flange was
909-914 mm, and the number of bolts was 120. M10 twelve-point head bolts, M10 hexagon
nuts, and gaskets with a diameter of 17 mm and a thickness of 3 mm were used. The material
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combinations of casing 1 and casing 2 were Q345R (cassette 1) and Q345R (cassette 2), and
304 stainless steel (cassette 1) and Q345R (cassette 2), respectively. These were used to
carry out comparative experiments to verify the influence of the heat transfer coefficient
on thermal resistance. The two endshields of the experimental section were fastened
and connected by 28 M36 hexagonal cylindrical bolts. The composition of the integral
experimental section was the same, except that the flange mounting edge structure of the
integral experimental piece was manufactured integrally, and the bolt connection structure
was eliminated. During the experiment, the inner and outer sides of the experimental
section were covered with an EVA insulation layer with a thickness greater than 10 mm
and a thermal conductivity of approximately 0.04 W/K-m to reduce heat dissipation. The
heater was mounted on experimental piece 1 through a card ring, which adopted a ceramic
heating ring with a diameter of 860 mm and a power of 10 kW. The designed temperature
range was from 60 to 80 °C. The water-cooled radiator was 20 hollow aluminum tubes
wound at the cooling end of experimental piece 2. The maximum flow rate of the pump
in the laboratory was 1 cubic meter per second. The temperature of the cold end was
maintained at 15-35 °C, and the temperature difference was maintained at 25-65 °C during
the experiment.

As the Figure 7 showed, the experimental section was tightly connected with the inlet
and outlet pressure-holding endshields through 28 M36 hexagonal cylindrical bolts, among
which four bolts were replaced by a M36 screw. Different flange clearances were generated
by controlling the stroke of the nut on the screw. The assembled experimental section
was matched and installed through the typical flange mounting edges of each assembled
experimental piece and then connected by 120 bolts. Among them, M10 twelve-point
head bolts, M10 hexagon nuts, and a gasket with a diameter of 17 mm and a thickness of
3 mm were used. The safety factor of the experimental bench reached 1.6 under the design
pressure of 1.2 MPa.

Connecting flange
between endshield
and experiment section

M36 bolt j

Figure 7. Physical map of the flange connection installation for the experimental bench.

3.2. Experimental Parameter Measurement

During tensile loading of the casing, the area around the bolts remained in contact, but
the base of the flange was partially open, causing a local clearance to appear at the bottom
of the flange mounting edge (as shown in Figure 8), which resulted in a change in stiffness
and heat transfer characteristics. The tensile load included internal gas pressure and casing
tension, which was generated by four clearance adjustment screws in the experiment. For
the purpose of facilitating the installation of the measuring instrument, the flange clearance
a was defined as in Figure 8. Four displacement measurement points were arranged around
the mounting edge of a typical flange, as shown in Figure 9. Dial gauges at each measuring
point on both sides of the typical flange mounting edge were installed to measure the
change in relative clearance.



Aerospace 2022, 9, 121 10 of 21

[ Flange mounting edge]<- -------

[ Displacement 1 [ Displacement }

measurement point measurement point
~~._| Flangec %arance a L’
Tensile load Tensile load
(by clearance (by clearance

adjustment screw) i

adjustment screw)

Local clearance

Figure 8. Schematic diagram of the flange clearance (a).

Figure 9. A dial indicator was used to measure the clearance between the two positions.

Meanwhile, a micrometer was used to measure the deformation at the flange bolt hole.
Each measuring point was measured and stored through the data acquisition program.

The temperature at the temperature measurement points on the two sets of experimen-
tal sections was measured to obtain the temperature difference on both sides of the flange
mounting edge. The measuring points of pressure and temperature in the experimental
bench cavity were arranged on the inlet pressure holding end cover, as shown in Figure 10.

Temperature
measuring
point

Figure 10. Arrangement of temperature measuring points and platinum resistance in the experimen-
tal section.
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A thin-film platinum resistance of 1/3B precision and the daqpro5300 temperature
scanning valve with 16 measurement channels were used for temperature measurement, as
shown in Figure 11. Pressure was measured using a pressure scanning valve and a pressure
transmitter. These measuring points were used to measure the pressure and temperature
changes in the cavity of the experimental bench for the holding pressure experiment in
order to calculate the leakage of the typical flange mounting edge.

Figure 11. Temperature scanning valve and thin-film platinum resistance.

3.3. Experimental Conditions

All experimental working conditions are summarized in Table 1. The flange mounting
edge experiment was divided into assembled experimental pieces and integral experimental
pieces according to the type of experimental pieces. There were two material combinations
for the assembled experimental piece and a total of six sets of clearances and five sets of
tightening torques. One set of contact thermal resistance experiments was performed. The
whole experimental piece was subjected to one set of contact thermal resistance experiments
as a control experiment. The thermal measurement method was adopted for the experiment
of each group of contact thermal resistance with a total of 31 working conditions. During
the experiment, the tightening force was loaded by the wrench with a preset tightening
force. For the tightening force condition, a second load was performed to ensure the
uniformity of the bolt tightening force for the 120 bolts after all the bolts were loaded.

Table 1. All experimental working conditions.

Flange clearance 2/mm 0.00, 0.10, 0.24, 0.40, 0.60, 0.75
Bolt tightening torque I'/N-m 20, 26, 30, 35, 40

3.4. Error Analysis
Heat flux measurement on the flange sides can be obtained as follows:

1 T, — T
Py = - (kppAp——2). (24)
X X2
It can be derived by
ddq, AT —Ty) > | dx—x)°
L2 + ). (25)
Dy -1 X1 — X2
Substituting, by % < 1%, % < 0.25% into the above formula, we obtain
o1 < 1.03%. (26)

()
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It can also be obtained through

e < 1.03%. 27)
D3y

Then, the relative error of the heat flux through the flange is

dd,
— < 1.03%.
o = 1.03% (28)

n

The relative error of the thermal resistance measurement is

dRy | d®, * dATd)Z 29)
R; '@, AT;

Substituting dqgj, 1 < 1.03%, dAATI; 4 < 1% into the above formula gives
dR
22 < 1.44%. (30)
Ry

Similarly, the relative error of contact thermal resistance can be obtained as

dR.
Rc

< 2.04%. (31)

4. Results and Analysis
4.1. Analysis of Contact Thermal Resistance Characteristics of Q345R-Q345R Materials

Figure 12 shows the influence of flange clearance on contact thermal resistance and
unit contact thermal conductivity under different tightening torques. Figure 12a shows
the curve of contact thermal resistance against the flange clearance of the Q345R—-Q345R
material for the assembled experimental section. It can be seen from the figure that as
the flange clearance increases, the contact thermal resistance under different tightening
torques also increases. The increase in thermal resistance is proportional to the flange
clearance. With the tightening torque of 26 N-m, as the flange clearance increases from
0 mm to 0.75 mm, the contact thermal resistance increases by approximately 1893%. With
the tightening torque of 40 N-m, the flange clearance is increased from 0 to 0.75 mm, and
the contact thermal resistance only increases by approximately 1457%.

Figure 12b shows the curve of unit contact thermal conductivity against flange clear-
ance when the assembled experimental section is made of the Q345R-(Q345R material. It
can be seen from the figure that the unit contact thermal conductivity first decreases rapidly
as the flange clearance increases, and when the flange clearance reaches 0.4 mm, the rate
of decrease in the unit contact thermal conductivity tends to flatten. When the tightening
torque is 26 N-m, as the flange clearance increases from 0 to 0.24 mm, the unit contact
thermal conductivity is reduced by approximately 85.2%. When the flange clearance is
increased from 0.4 to 0.75 mm, the unit contact thermal conductivity is only reduced by
approximately 42.3%. We speculated that the contact area drops sharply after the flange
is pulled apart by axial force. After the flange is pulled apart, the heat is only transferred
through the area of the bolt connection and the partial circumferential contact surface of the
flange, and the influence of the flange clearance on the contact heat conduction is reduced.
Thus, the decline tends to be gentle.

Figure 13 shows the effect of tightening torque on contact thermal resistance and unit
contact thermal conductivity for different flange clearances. Figure 13a shows the curve
of the change in contact thermal resistance with tightening torque when the assembled
experimental section was made of the Q345R—-Q345R material. It can be seen from the
figure that as the tightening torque increases, the contact thermal resistance under differ-
ent flange clearances decreases. As the tightening torque increases, the reduction in the
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tightening torque of contact thermal resistance becomes increasingly smaller. When the
flange clearance is 0.24 mm, the tightening torque is increased from 20 to 30 N-m, and the
contact thermal resistance is reduced by approximately 22.1%. When the tightening torque
is increased from 30 to 40 N-m, the unit contact thermal conductivity is only reduced by
approximately 19.6%. It can be said that as the tightening torque increases, the decrease in
contact thermal resistance tends to be gentle.

0.035

= --0--20N'm

2 0030} 26 N'm -
3 —24—30Nm -

T 0025 ——35N'm R
% —e— 40 N-m e ) /”o
£ 0.020

1S

Contact thermal res
o o [=]
g (=] [=]
h (=1 Lh

0.000

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Flange clearance a/(mm)

(a) Contact thermal resistance against the flange clearance.

* --*--40 N'm
12,000 B 35N'm

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Flange clearance a/(mm)

Unit contact thermal conductivity TCR/(W/K-mZ)

(b) Unit contact thermal conductivity against flange clearance.

Figure 12. Effect of flange clearances with contact thermal resistance and thermal conductivity at
different tightening torques for the Q345R-Q345R material.

Figure 13b shows the curve of unit contact thermal conductance with tightening
torque when the assembled experimental section is made of the Q345R-Q345R material. It
can be seen from the figure that as the tightening torque increases, the unit contact heat
conduction under different flange clearances also increases and is essentially proportional
to the flange clearance. It can also be seen from the figure that different flange clearances
have a significant impact on the unit contact thermal conductivity. When the flange
clearance is 0.75 mm, as the tightening torque increases from 20 to 40 N-m, the unit contact
thermal conductivity only increases by approximately 52.1%. When the flange clearance is
0.24 mm, as the tightening torque increases, the unit contact thermal conductivity increases
by approximately 59.8%. We speculated that the contact area drops sharply after the flange
is pulled apart by axial force. After that, only the bolt connection area and the partial
circumferential contact surface of flange transfer heat, so the influence of bolt tightening
torque on the contact heat conduction is reduced.
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Figure 13. Effect of tightening torques with contact thermal resistance and thermal conductivity at
different flange clearances for the Q345R-Q345R material.

4.2. Conversion of Experimental Data and Actual Unit Contact Thermal Conductivity

To eliminate the difference caused by different materials, the actual unit contact
thermal conductivity can be inversely calculated through the experimental data. First, we
can obtain the contact area ratio under each working condition according to Formula (1),
Formula (2), and Table 1. Then, by substituting the material thermal conductivity and
roughness of the actual engine working conditions into the formula for inverse calculation,
the unit contact thermal conductivity can be obtained according to Formula (32). The
contact area ratio is shown in Table 2.

A1a

TCR =
¢ 2-c

(32)
where TCR is the unit contact thermal conductivity of the experimental piece, where the
unit is W/ (K-m?); c is the surface roughness on the contact surface of the experimental
piece, where the unit is um; A is the material thermal conductivity of the experimental
piece, where the unit is W/(K-m); 774 is the contact area ratio.

Table 2. Experimental contact area ratio for the assembled test section made of the Q345R-(QQ345R material.

Flange Tightening Tightening Tightening Tightening Tightening
Clearance Torque Torque Torque Torque Torque
mm 20 N-m 26 N-m 30 N-m 35N-m 40 N-m
0.00 7.65 x 1074 8.02 x 1074 832 x 1074 8.70 x 1074 9.09 x 10~4
0.10 2.00 x 10~* 2.37 x 1074 2.59 x 10~4 290 x 10~4 3.20 x 1074
0.24 1.01 x 1074 119 x 104 1.30 x 1074 1.47 x 104 1.61 x 1074
0.40 0.66 x 1074 0.76 x 1074 0.83 x 1074 0.93 x 1074 1.03 x 1074
0.60 047 x 1074 0.53 x 1074 0.58 x 1074 0.65 x 1074 0.72 x 10~%
0.75 0.38 x 1074 0.44 x 1074 0.48 x 1074 0.53 x 1074 0.58 x 1074
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4.3. Characteristics Analysis of Contact Thermal Resistance for the Stainless Steel-Q345R Material

Figure 14 shows the influence of the flange clearance on contact thermal resistance
and unit contact thermal conductivity under different tightening torques. Figure 14a
shows the curve of change for contact thermal resistance with flange clearance when the
assembled experimental section is made of the 304 stainless steel-Q345R material. It can be
seen from the figure that as the flange clearance increases, the contact thermal resistance
under different tightening torques increases, and it is essentially proportional to the flange
clearance. When the tightening torque is 26 N-m, as the flange clearance increases from
0 mm to 0.24 mm, the contact thermal resistance increases by approximately 593%. When
the tightening torque is 40 N-m, the flange clearance is increased from 0 mm to 0.24 mm,
and the contact thermal resistance is increased by approximately 466%.
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Figure 14. Effect of flange clearances with contact thermal resistance and thermal conductivity at
different tightening torques for the 304 stainless steel-Q345R material.

Figure 14b shows the curve of unit contact thermal conductivity against the flange
clearance when the assembled experimental section is made of the 304 stainless steel-Q345R
material. It can be seen from the figure that with the increase in the flange clearance, the
unit contact thermal conductivity decreases rapidly at first, and then the rate of decrease in
the unit contact thermal conductivity tends to become gentler. When the tightening torque
is equal to 26 N-m, as the flange clearance increases from 0 to 0.1 mm, the unit contact
thermal conductivity is reduced by approximately 71.6%. When the flange clearance is
increased from 0.1 to 0.24 mm, the unit contact thermal conductivity is only reduced by
approximately 49.2%. It can be speculated that after the flange is pulled apart by axial force,
the contact area drops sharply. After the flange is pulled apart, only the bolt connection
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area and the partial circumferential contact surface of the flange transfer heat, and the
influence of the flange clearance on the contact heat conduction is reduced, resulting in the
trends from a decline to a flattening.

Figure 15 shows the effect of tightening torque on contact thermal resistance and unit
contact thermal conduction for different flange clearances. Figure 15a shows the curve
of change for contact thermal resistance against tightening torque when the assembled
experimental section is made of the 304 stainless steel-Q345R material. It can be seen from
the figure that as the tightening torque increases, the contact thermal resistance under
different flange clearances decreases. As the tightening torque increases, the reduction
in contact thermal resistance tightening torque becomes increasingly smaller. When the
flange clearance is 0.24 mm, the tightening torque is increased from 20 to 30 N-m, and the
contact thermal resistance is reduced by approximately 21.9%. When the tightening torque
is increased from 30 to 40 N-m, the unit contact thermal conductivity is only reduced by
approximately 20.6%, i.e., as the tightening torque increases, the decrease in contact thermal
resistance tends to become gentler.
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Figure 15. Effect of tightening torques with contact thermal resistance and thermal conductivity at
different flange clearances for the 304 stainless steel-Q345R material.

Figure 15b shows the curve of unit contact thermal conductance against tightening
torque when the assembled experimental section is made of the 304 stainless steel-Q345R
material. It can be seen from the figure that as the tightening torque increases, the unit
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contact heat conduction under different flange clearances also increases and is essentially
proportional to the flange clearance. It can also be seen in the figure that different flange
clearances have a significant impact on the unit contact thermal conductivity. When the
flange clearance is 0.24 mm, as the tightening torque increases, the unit contact thermal
conductivity only increases by approximately 58.1%. When the flange clearance is 0 mm,
as the tightening torque increases from 20 to 40 N-m, the unit contact thermal conductivity
increases by approximately 20.7%. Similarly, after the flange is pulled apart by axial force,
the contact area drops sharply. After the flange is pulled apart, only the bolt connection
area and the partial circumferential contact surface of the flange transfer heat, and the
influence of bolt tightening torque on contact heat conduction is reduced. The experimental
data of unit contact thermal conductivity for the assembled experimental section of the
304 stainless steel-Q345R material is shown in Table 3.

Table 3. The experimental contact area ratio data for the assembled experimental section of the 304
stainless steel-Q345R material.

Flange Tightening Tightening Tightening Tightening Tightening
Clearance Torque 20 Torque 26 Torque 30 Torque 35 Torque 40
mm N-m N-m N-m N-m N-m
0.00 735x107%  808x107* 829x107% 842x107* 887 x107*
0.10 1.96 x 1074 229 x 1074 252 x 1074 2.83 x 1074 3.14 x 1074
0.24 0.99 x 10~* 1.16 x 1074 1.27 x 1074 1.40 x 1074 1.57 x 1074

4.4. Verification of the Material Independence of the Experiment to the Unit Contact Thermal
Conductivity

To eliminate the difference caused by materials and verify the independence of the
material for actual unit contact thermal conductivity inversely calculated using experimen-
tal data, first, it was necessary to obtain the data of the contact area ratio under the same
deformation, the same surface roughness, and different working conditions for 304 stainless
steel and QQ345R steel, and then compare these with the experimental data of the contact
area ratio for the Q345R-(QQ345R material of the assembled experimental section. The data
for the 304 stainless steel and Q345R steel materials for the assembled experimental section
can be calculated according to Formulas (17) and (18), and the contact thermal resistance
can be derived from the experimental contact area ratio data, as shown in Table 3.

Comparing the experimental contact area ratio data of the assembled experimental sec-
tion for the 304 stainless steel-Q345R (as shown in Table 3) material with the experimental
contact area ratio data of the assembled experimental section for the Q345R-Q345R material
(as shown in Table 2), the deviation table of the contact area ratio for the two experiments
can be obtained. Based on the data in Table 2, the relative deviation is shown in Table 4.

Table 4. Relative deviation table of the contact area ratio for the two experiments.

Flange Tightening Tightening Tightening Tightening Tightening
Clearance Torque 20 Torque 26 Torque 30 Torque 35 Torque 40
mm N-m N-m N-m N-m N-m
0.00 4.0% 0.7% 0.3% 3.1% 2.5%
0.10 1.9% 3.2% 2.8% 2.3% 1.8%
0.24 2.0% 1.8% 2.2% 4.7% 3.0%

Under the working conditions of a tightening torque of 35 N-m and a flange clearance
of 0.24 mm, the maximum relative deviation of the two trials was 4.7%, which is small and
acceptable. Therefore, the contact thermal resistance data for the typical flange mounting
edge and the contact area ratio measured in the experiment can be considered credible.
Using these data and substituting the material thermal conductivity and roughness of the
actual engine working conditions into the formula for inverse calculation, the unit contact
thermal conductivity under the actual operating conditions can be obtained.
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5. Prediction of Contact Thermal Conductivity for Typical Flange Mounting Edges

Through the above analysis, it can be seen that the flange clearance and bolt tightening
torque have a significant impact on the unit contact thermal conductivity of the flange
mounting edge. Clearly, the unit contact thermal conductivity decreases with the increase
in flange clearance, presenting a polynomial correlation. Moreover, the unit contact thermal
conductivity increases as the bolt tightening torque rises, which shows a linear correlation.
Then, the following relationship can be obtained.

The correlation of unit contact thermal conductivity (TCR) with flange clearance (a):

TCR:rx3—|—ﬁ3~a0'5—|—'y3-a+(53~a1'5—|—£3~a2+§3-a2'5+173~a3+93~a3'5 (33)

where g is the flange clearance, and a3, B3, 73, 93, €3, (3, 13, 03, @3, P3, and w3 are the
coefficients.
The correlation of unit contact thermal conductivity (I'CR) with bolt tightening torque (I'):

TCR = g3 - T + 5. (34)

where I is the bolt tightening torque, and ¢3 and 3 are the coefficients.

As a result of the flange clearance, bolt tightening torque are all monotonously
changing, and we use the product function form to fit the empirical formula based on
Equations (33) and (34). By simplification, the TCR can be written as:

TCR = (txg,—l—ﬁg,~a0’5+'y3~a+53-u1'5+£3-a2+§3-a2'5+173~a3+63~a3'5)

(35)
(@3 T +13) +ws

In Equation (35), a3, B3, v3, 93, €3, (3, 113, 03, @3, P3, and w3 are unknown parameters.
Then, Equation (35) is solved by the method of nonlinear least squares and global optimiza-
tion, so as to fit the correlation equations of flange clearance, and bolt tightening torque.
Here, the unknown parameter values were obtained as follows:

a3 = —47436650.4321, B3 = 116726609.8713, 73 = —110716500.9267,
63 = —6562825.6735, £3 = —676873.7839, {3 = 95212086.9379,
13 = —47672186.8709, 63 = —11351062.6729, ¢3 = —1.1825 x 10~°.
3 = —1.2171 x 1074, w3 = —1533.7284

Thus, the prediction modeling of unit contact thermal conductivity can be confirmed
as follows:

TCR = (—47436650.4321 + 116726609.8713 - a®> — 110716500.9267 - a
—6562825.6735 - al® — 676873.7839 - a + 95212086.9379 - a>°
—47672186.8709 - a® — 11351062.6729 - a>°) - (—1.1825 x 107° - T
—1.2171 x 10~%) — 1533.7284

(36)

Figure 16 shows a comparison of unit contact thermal conductivity between exper-
imental data and the fitted formula line (Equation (36)). By comparison, it can be seen
that the deviation between the experimental data and the fitted formula line is relatively
small. Additionally, the maximum deviation between the experimental data and the fitted
data under other working conditions does not exceed 10%. Therefore, a simplified predic-
tion model of contact thermal conductivity is more suitable for engineering applications.
Furthermore, the prediction modeling of contact thermal resistance is of reliability and
credibility to a certain extent for the engineering reference.
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Figure 16. Comparison of unit contact thermal conductivity between test data and prediction
modeling for typical flange mounting edge.

6. Conclusions

In summary, this paper proposed a calculation method for contact thermal resistance.
According to the calculation model, a detailed experimental study on the characteristics
of contact thermal resistance for flange mounting surfaces was carried out. In addition,
the law of the effect of the related parameters on contact thermal resistance was obtained.
Furthermore, the calculation method for contact thermal resistance was verified, and the
formula for the thermal resistance for the flange mounting edge was fitted.

(a) Before the experiment, the main measuring instruments, i.e., platinum resistance,
temperature scanning valve, laminar flow meter, and pressure transmitter, were calibrated
carefully. Thereafter, an accurate measurement method for flange clearance was investi-
gated. As a result of careful preparation before the experiment, the measurement error
result for the converted flow was controlled within 1.11%, and the measurement error
result for the temperature difference was controlled within 0.2 °C.

(b) The contact thermal resistance of the flange mounting edge increases with the
increase in flange clearance under different tightening torques, which is essentially propor-
tional to the flange clearance. In addition, as the flange clearance increases, the unit contact
thermal conductivity first decreases rapidly. When the flange clearance reaches 0.4 mm, the
decreasing rate of unit contact thermal conductivity tends to flatten. It was presumed that
the contact area drops sharply after the flange is pulled apart by the axial force. After that,
only the bolt connection area and the flange circumferential contact surface transfer heat,
and the influence of the flange clearance on the contact thermal conductivity is reduced.
Thus, the decline tends to become gentler.
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(c) The contact thermal resistance of the typical flange mounting edge decreases with
the increase in the tightening torque under different flange clearances. As the tightening
torque increases, the change of contact thermal resistance tends to flatten. In addition,
the unit contact thermal conductivity of the typical flange mounting edge increases with
the increasing tightening torque under different flange clearances, which is essentially
proportional to the flange clearance. It can be speculated that the contact area drops sharply
after the flange is pulled apart by axial force. After the flange is pulled apart, only the bolt
connection area and the partial circumferential contact surface of the flange transfer heat,
so the influence of bolt tightening torque on the contact heat conduction is reduced.

(d) Through the experimental research on the contact thermal resistance characteristics
of the Q345R—Q345R material and 304 stainless steel-Q345R material for the assembled
experimental section, the characteristics of contact thermal resistance and unit contact
thermal conductivity for the experimental section assembled with two different materials
were obtained. This was done so as to obtain the characteristics of the contact area ratio
under various working conditions. By comparing the contact area ratio of the two different
materials for the assembled experimental sections under the same working conditions,
it was determined that the contact area ratio of the typical flange mounting edge is only
related to the geometric deformation and bolt mechanical conditions, and not related to
the material. In addition, substituting the material thermal conductivity and roughness
of the engine under actual operating conditions into the formula, the unit contact thermal
conductivity could be inversely calculated. Therefore, the feasibility of both the contact area
ratio data and the method for calculating the unit contact thermal conductivity was verified.

(e) Through the experimental research on the unit contact thermal conductivity char-
acteristics for a typical flange mounting edge, we obtained the variation law of unit contact
thermal conductivity under different working conditions for a typical flange mounting edge,
and we fitted the unit contact heat conduction formula for a typical flange mounting edge.
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