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Abstract: Mortise and tenon are very important parts of gas turbine dealing operation safety. Addi-
tionally, the temperature distribution of the turbine blade and disk is affected by the heat transfer
characteristics in its gap. Then, the S-shaped mortise and tenon gap were numerically studied under
rotating conditions, and the flow and heat transfer characteristics were analyzed. First, the heat
transfer coefficient (HTC) of the mortise and tenon surfaces was measured with thermochromic liquid
crystal. Then, the numerical method was verified using the test results, and the grid independence
analysis was conducted. Finally, the flow and heat transfer characteristics of the gap under static
and rotating conditions were numerically studied, five different Reynolds numbers (Re = 15,000,
20,000, 25,000, 30,000, 35,000) and five gap widths (d = 1 mm, 1.5 mm, 2 mm, 2.5 mm, 3 mm) were
conducted and analyzed in detail. The results show that, under the rotating condition, the pressure
distribution in the gap is different from that of the static condition; the pressure increases along the
radial direction due to the action of centrifugal force and reaches its maximum value at the corner
of the “S” shaped structure. With the increase in Re, the heat transfer intensity of the gap increases
gradually. Additionally, the heat transfer intensity of the gap increases with an increase in its width.

Keywords: mortise and tenon assembly gap; flow characteristics; heat transfer characteristics

1. Introduction

During the assembly of the gas turbine blade tenon and mortise, an S-shaped gap
will form, and the cold air in the disk cavity will flow downstream through the gap due
to the differential pressure between both sides of the disk. The flow and heat transfer
characteristics of the gap will affect the temperature distribution of the blade and disk. In
order to obtain a more accurate temperature field of the gas turbine blade and disk and to
ensure the safe operation of the gas turbine, it is necessary to carry out a more in-depth
study on the flow and heat transfer characteristics in the mortise and tenon assembly gap.

Early studies on tiny channels, such as mortise and tenon assembly gaps, were mainly
based on simplified models. These studies focused on channels with regular shapes
such as round, triangular, rectangular, circular, and so on. As early as the 1940s, Walker
et al. [1] have studied the flow characteristics in the cross-section of regular channels
with non-circular shapes. Xu et al. [2] investigated the flow resistance of the liquid in the
microchannel at a certain Reynolds number (Re) using experimental methods. Lee et al. [3]
experimentally investigated the heat transfer characteristics in a rectangular microchannel.
Sun et al. [4] investigated the heat transfer characteristics in a rectangular microchannel of
aero-engine turbine blades with a hydrodynamic diameter of 1 mm. Hetsroni et al. [5,6]
investigated the pressure loss of microchannels with different cross-sectional shapes, such
as circular, rectangular, triangular, and trapezoidal microchannels, as well as the effects of
geometry, axial heat flow density due to heat conduction, and energy dissipation for a small
Mach number. Kose et al. [7] numerically investigated three different shapes (rectangular,
triangular, and trapezoidal) of microchannels using Computational Fluid Dynamics. In
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this study, minimization of power consumption and enhancing heat transfer were obtained
with rectangular microchannel. Roy et al. [8] adopted a numerical simulation method and
took a small channel as the research object. By changing the rotational speed, hydraulic
diameter, and aspect ratio, they studied how these parameters affected the rotational Re
and, thus, the development of secondary flow. Avramenko et al. [9] considered the heat
transfer problem of incompressible flow in rotating microchannels under the first and
second-order slip boundary conditions. These studies on simplified models show that the
heat transfer varies along the flow direction and increase with an increase in Re.

However, because of the unique geometry of the mortise and tenon assembly gap
structure, the flow and heat transfer characteristics are different from that of the simplified
model. Liu et al. [10] transformed the heat transfer process in the mortise and tenon
assembly gap between the turbine blade and disk into a convective heat transfer process
when analyzing the blades of a gas turbine high-pressure turbine. Duan et al. [11] used an
actual gas turbine mortise and tenon gap as the research object, enlarging it three times,
and conducted experimental research on the flow characteristics of the S-shaped mortise
and tenon assembly gap structure. It is demonstrated that the discharge coefficient of
the channel of the S-shaped mortise and tenon assembly gap is connected not only to
the Re, but also to the exit Mach number at the channel outlet. Ma et al. [12] enlarged
an actual gas turbine S-shaped mortise and tenon assembly gap structure nine times and
measured the gap heat transfer coefficient (HTC) using thermochromic liquid crystal. The
experimental results showed that the HTC gradually decreases with the development
direction of the flow while increasing with the increase in the Re. Chang et al. [13,14]
conducted an experimental study on the fir-tree-type mortise and tenon assembly gap
structure, and the results showed that there is no obvious turning point from laminar
flow to turbulent flow due to the complex three-dimensional flow phenomenon in the
flow process. Therefore, the complex flow and heat transfer characteristics inside the
flow channel of the S-shaped mortise and tenon assembly gap cannot be simply replaced
by a rectangular tube. Gopinathrao C. et al. [15] analyzed the influence of the tenon
and mortise structure on the turbine disk and blade assembly of a large turbine engine
using three-dimensional conjugate heat transfer analysis. These studies found that the
flow and heat transfer in tenon and mortise gap is different from that of the circular and
rectangular channel.

Under rotating conditions, the flow inside the channel is greatly changed compared
with the static condition due to the centrifugal force and the Coriolis force. Chen et al. [16]
numerically studied the flow and heat transfer characteristics of typical S-shaped and dou-
ble crescent-shaped mortise and tenon assembly gaps under static and rotating conditions.
The results showed that the double S-shaped channel has a channel vortex on the left
branch of the mortise and tenon gap, and its size was affected by the Re and the rotation
number. However, there is no channel vortex in the right branch in any Re and rotation
number. The rotation has no significant effect on the averaged HTC of the leading and
trailing surfaces of the double S channel. The surface HTC increases with increasing Re. In
the double crescent-shaped channel, the right wall of the channel has a higher local HTC
under rotating conditions. Sohankar et al. [17] numerically investigated the features of flow
fluid and convective heat transfer in a rotating rectangular U-shaped microchannel for vari-
ous aspect ratios (AR). It is found that the total Nusselt number is higher for the constant
wall temperature case than that of the constant heat flux case in a rotating microchannel,
while it is contrary in stationary one. Shi et al. [18] researched the influence of rotation
on the aerothermal characteristics of the channel. Rotation makes the structure of the
longitudinal vortex reinforced using centrifugal force at the turning region corner. Li and
Yan et al. [19,20] examined the effect of rotation on jet impingement cooling by conducting
experiments. The results show that the rotational Coriolis force is the dominant factor that
affects the cooling of rotating jet impingement, while the buoyancy force can affect heat
transfer at high rotation numbers. Cheng et al. [21] numerically and experimentally studied
the heat transfer and pressure loss in a three-pass serpentine channel with trailing bleed
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holes. The experiments indicate that, compared with non-rotating conditions, the rotation
effects show a more appreciable influence on the heat transfer enhancement values along
the serpentine channel than the channel Reynolds numbers. Liang et al. [22] investigated
the turbulent flow and heat transfer characteristics in the rotating L-shaped and wedged
channel. At the rotating rate of 400 rpm, compared to the stationary condition, both the
maximum deviations of the Nusselt number and the pressure losses on the trailing and
leading end walls are reduced.

Under rotating conditions, the flow coefficient decreases due to the influence of
centrifugal force, pressure gradient, and Coriolis force. Additionally, rotation may cause
the average heat transfer surface to be higher than that under static conditions. Armellini
et al. [23] conducted experimental research on the flow field characteristics in the trailing
edge slot of the turbine blade under both static and rotating conditions. Wei et al. [24]
numerically simulated the flow and heat transfer process of eccentric and rotating straight-
through labyrinth seals. The research results showed that when the Taylor number is greater
than 34.2, the leakage coefficient decreases slightly with the increase in rotating speed.
Dring et al. [25] investigated the effect of inlet turbulence intensity and the interaction
between the rotor and stator on the heat transfer characteristics of a large-scale rotating
turbine model. Su et al. [26] numerically investigated the heat transfer characteristics and
turbulent flow in the asymmetric snake-like inner cold channel model of a turbine rotor
under rotating conditions. The results showed that the asymmetry factors and rotation
factors provide the variations in the heat transfer characteristics of each wall, while the
finned structure and rotation factors generate the transverse secondary flow in the channel,
which increases the total heat transfer capacity. Willett et al. [27] found that rotation has
an important effect on the flow state of the channel. Due to the change in the flow state,
the heat transfer of the rotating channel also changes. Saravani et al. [28] studied the
combined effects of Reynolds number and rotational effect for a two-pass channel with
a 180-deg turn numerically and experimentally. From the results, it can be concluded
that increasing both Reynolds number and rotational speed is in favor of the heat transfer
coefficient enhancement, especially in the turn region. Meng et al. [29] experimentally
and numerically investigated the film cooling performance on the pressure side of turbine
blades at a rotating speed of 600 rpm. It can be seen that the coolant coverage is poor near
the tip due to the rotating effect on the upstream of the pressure side.

It can be concluded from the previous study that researchers mostly studied regular
microchannels; few studies focused on irregular channels such as mortise and tenon
assembly gap. Meanwhile, because of the centrifugal force, Coriolis force, and other
complex affecters, the flow and heat transfer characteristics inside the microchannel under
rotating conditions would differ from those under static conditions. However, the study
on the effects of flow and structural parameters on the flow and heat transfer inside the
mortise and tenon assembly gap under rotating conditions is incomplete. Hence, this paper
focuses on the mortise and tenon gap of a gas turbine rotor blade, and the effects of Re and
width of the gap on the flow and heat transfer characteristics under rotating conditions
were studied. The findings of this study provide valuable references for the accurate design
of the secondary air system in gas turbines.

2. Physical Model and Computational Method
2.1. Physical Model

Figure 1a is an assembly physical map of the blade and turbine disk. The S-shaped
mortise and tenon gap, marked by the red circle in Figure 1b, is at the connection between
the turbine disk and the blade. Figure 1c shows the computational model used in the
calculations, consisting of an inlet chamber, an outlet chamber, and the intermediate
mortise and tenon gap channel. The parameters of the model are shown in Table 1. Figure 2
illustrates the locations of particular parameters. The leading and trailing surfaces in this
paper refer to the left and right sides of the mortise and tenon channel, with the view
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direction being the outlet direction of the channel. Both of them are marked with blue
arrows in Figure 2. The distance r between the model and the axis of rotation is 400 mm.
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Table 1. Geometry parameters of mortise and tenon gap channel.

Parameters Range

L (mm) length of the mortise and tenon gap channel 100
H (mm) height of the mortise and tenon gap channel 33
d (mm) width of the mortise and tenon gap 0.2, 0.3, 0.4, 0.5, 0.6

2.2. Governing Equations

The solved governing equations are shown in Equations (1)–(3).
Continuity equation:

∂ρ

∂t
+∇ · (ρ→u ) = 0 (1)

where ρ represents the fluid density;
→
u represents the velocity vector of fluid.

Momentum equation:

ρ
∂
→
u

∂t
+ ρ(

→
u · ∇)→u = ∇ ·

→
Σ + ρ

→
f (2)

where
→
f ,
→
Σ represents the mass force and surface force acting on the fluid surface. The

expression of
→
Σ:

→
Σ =

σxx σxy σxz
σyx σyy σyz
σzx σzy σzz

 (3)

where σ represents the stress component of each direction.
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Energy equation:

∂

∂t
[ρ(e +

1
2
→
u ·→u )] +∇[ρ→u (e + 1

2
→
u ·→u )] = ∇ · (

→
Σ ·→u ) +→u · ρ

→
f −∇ ·→q (4)

where
→
q represents heat flux; e represents internal energy per unit volume of fluid.
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2.3. Boundary Conditions

The inlet boundary condition is set as a mass flow inlet, and the mass flow rate
determined by the inlet Re (Re = 1.5 × 104, 2 × 104, 2.5 × 104, 3 × 104, 3.5 × 104), the
inlet temperature Th is 573.15 K; the outlet has an average static pressure corresponding to
standard atmospheric pressure; the mortise and tenon gap walls are given a constant wall
temperature with 673.15 K; all other walls are considered adiabatic and no-slip surfaces.
The rotational speed of the entire computational domain is 3000 rpm.

2.4. Turbulence Model Validation

Experiments were carried out on a model of gas turbine blade mortise and tenon
assembly gap. The experimental system diagram is shown in Figure 3, consisting of the
main flow system, experimental section, and data acquisition system. The mainstream
is supplied by a screw compressor (0.7 MPa, 0.4 kg/s), and the gas passes through a
refrigerant dryer, a filter, a storage tank, a heater, a mass flowmeter, and then into the
experimental section, which is constructed using assembled acrylic glass plates connected
with bolts. The data acquisition system is responsible for collecting information on liquid
crystal color changes, temperature variations, and pressure changes. The measuring
instruments required in this paper include: pressure scanning valve, mass flowmeter,
T-type thermocouple, USB industrial camera, and so on.
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Figure 3. Schematic diagram of the experimental system.

Since the thermochromic liquid crystal (TLC) measurement method is used in this
paper, the heat transfer characteristics test was conducted with a five times enlarged mortise
and tenon assembly gap. The image of the test rig is shown in Figure 4. During the test,
take an RGB color image and convert it to HIS tone image to determine temperature. So,
TLC was calibrated before the test. According to Moffat [30], The uncertainty of HTC
measurement is shown in Table 2.
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Table 2. Uncertainty of TLC measurement.

HTC/W·m−2·K−1 Relative Value of Uncertainty/%

100 5.0
2000 11.2
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The commercial software ANSYS CFX 2020 R1 was used for numerical simulation.
The accuracy of the prediction is significantly influenced by the turbulence model. In order
to select a suitable turbulence model, the numerical calculated circumferentially averaged
Nusselt number (Nucir) of the four turbulence models (standard k-ε model, RNG k-ε model,
standard k-ω model, and SST k-ω model) were compared with the experimental results.
Nusselt number (Nu) can be defined as:

Nu =
hDh

λ
=

qw

Tw − Th

Dh
λ

(5)

where qw is the average convective heat flux, Tw and Th are the average temperatures of
the surface and fluid, respectively; λ is the thermal conductivity of hot air. Dh is hydraulic
diameter, which is defined as:

Dh =
4A
P

(6)

where A is the mortise and tenon channel cross-sectional area, and P is the mortise and
tenon channel cross-sectional perimeter. Their values are about 1.2 mm2 and 5.0 mm,
respectively.

The Nucir is defined as:

Nucir =
n

∑
i=1

(Nui · li)/l (7)

where Nui is the Nu value of the corresponding grid node (i); li is the length of the grid
node (i).

Figure 5 compares the distribution of Nucir along the flow direction between the
numerical calculations and experimental measurements. The Z in Figure 5 refers to the
Z-axis in the coordinate system, which is parallel to the flow direction. The SST k-ω
turbulence model’s prediction of Nucir, as illustrated in Figure 5, exhibits the greatest
agreement with the experimental results. Therefore, the SST k-ω turbulence model is
chosen for all subsequent calculations.
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2.5. Grid Generation and Grid Independence Analysis

The computational domain uses unstructured grids generated by commercial software
ICEM CFD 2020 R1. The near-wall grids are refined, with a y+ < 1 within the calculated
range of Res. The growth rate of the grids is set to 1.1.

To ensure the accuracy of the computational results with minimum computational
resources, three grids with 3 million, 5.8 million, and 9.2 million cells were selected for grid
independence verification. Figure 6 shows the distribution of Nucir on the trailing surface
for different grid numbers. It can be observed that when the grid number is larger than
5.8 million, Nucir remains almost unchanged. Considering the grid quantity, computational
accuracy, and computational time, the grid number of 5.8 million was determined for
this study.
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3. Results and Discussion
3.1. Effect of Rotation

The effect of Re (on flow and heat transfer characteristics of the mortise and tenon gap
under rotating conditions was studied, and four Re = 1.5 × 104, 2 × 104, 2.5 × 104, 3 × 104,
3.5 × 104) were conducted.

Re can be defined by the formula:

Re =
ρuDh

µ
(8)

where ρ is the air density, u is the inlet air velocity, µ is the hydrodynamic viscous coefficient.

3.1.1. Effect of Rotation on Flow Characteristics

Figure 7 shows the pressure distribution at Z/L = 0.5 under static and rotating condi-
tions. The black arrow represents the direction of the pressure difference. It can be observed
that under the rotating condition, the pressure distribution is different from that in the
static condition. The pressure increases in the radial direction due to the centrifugal force,
reaching its maximum value at the corner of the S-shaped mortise and tenon structure.
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Figure 8 shows the dimensionless velocity contour and streamline distribution at the
upper and lower portions of the mortise and tenon gap under static and rotating conditions
at Z/L = 0.0 (near the inlet), Z/L = 0.5 (middle of the channel), and Z/L = 1.0 (near the
outlet), respectively. The black arrows represent the flow direction at the narrow channel of
the S-shaped gap, the blue arrows represent the direction of the centrifugal force, and the
green arrows represent the direction of the pressure gradience. The direction of rotation
has been labeled in the figure. From Figure 8, it can be seen that, in both conditions, at
any cross-section of the channel, a certain number of channel vortices are generated at
both ends of the mortise and tenon gap due to the larger flow space of the circular cavities
at both ends. At the straight, narrow gap of the channel, the flow velocity is low due
to the viscous effect of the fluid, resulting in larger flow losses. The formation of inlet
vortices can be observed at the inlet of the mortise and tenon gap, indicating significant
friction losses at this location. The size of the channel vortices is smallest at the outlet of
the channel, resulting in a gradual decrease in drag losses along the flow path. Under
rotating conditions, compared to static conditions where the fluid is affected only by the
pressure difference, the fluid flow becomes more complex due to the combined effects of
the centrifugal force generated by rotation.

The fluctuating value of fluid turbulence velocity is an important parameter that
affects the distribution of HTC. The definition of turbulence intensity is:

Tu =

√
u′2

u
=

√
2
3 k

u
(9)

where k is turbulent kinetic energy and u is the mean velocity.
Figure 9 illustrates the fluid turbulence intensity contour at Z/L = 0.0 (near the inlet),

Z/L = 0.5 (middle of the channel), and Z/L = 1.0 (near the outlet) for the mortise and tenon
gap. Because the rotation changes the incident direction of the fluid, the inlet vortex at the
inlet of the channel (Z/L = 0.0) is more complex, so the turbulence intensity at the inlet
is higher, and the presence of the vortex leads to a more intense mixing of the fluid. As
the fluid flows to the middle of the channel (Z/L = 0.5), the turbulence intensity decreases
noticeably compared to the inlet, and the turbulence intensity gradually decreases as the
fluid flows downstream.
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3.1.2. Effect of Rotation on Heat Transfer Characteristics

Figures 10 and 11 illustrate the Nu distribution contours on the leading and trailing
surfaces of the mortise and tenon gap under static and rotating conditions for different
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Res, respectively. As illustrated in Figure 8, the rotating effect encouraged the formation
of a vortex within the channel, resulting in an increase in turbulence within the entire
gap (Figure 9), as well as an improvement in the heat exchange between the gap wall and
cooling air. Local Nu is larger at the channel inlet under the rotating condition than in
the static condition because the fluid is subjected to higher intensity consumption vortices
and turbulence at the inlet. At the same time, the presence of vortices within the larger
space (upper and lower corner) of the mortise and tenon gap enhances the local heat
transfer. Meanwhile, Nu in the middle narrow slot part of the channel is reduced because
the advantageous vortices produced in both the static and rotating conditions are smaller.
At the outlet of the channel, the size and number of vortices generated under static and
rotating conditions are both reduced. As a result, Nu is gradually reduced along the axial
direction, consistent with the analysis results in Figure 8. Under rotating conditions, the
magnitude of channel vortices in the top half of the channel is larger than that in the lower
half due to the effect of centrifugal force. Thus, the heat transfer in the upper half of the
channel is larger.
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The globally averaged Nu (Nuave) distributions of the leading and trailing surfaces
under static and rotating conditions for different Res are given in Figure 12. The Nuave is
defined as:

Nuave =
j=m

∑
j=1

(
i=n

∑
i=1

(
Nui,j · Ai,j

))
/Aw (10)

where Nui,j is the Nu of the corresponding grid node (i, j), Ai,j is the area controlled by node
(i, j), Aw is the heat transfer wall area.

From Figure 12, in both static and rotating conditions, it is evident that in both static
and rotating conditions, the Nuave rises as Re rises, which is consistent with the results
analyzed in Figures 10 and 11. Higher Re corresponds to a higher inlet mass flow rate.
As the amount of cold air increases, the gap wall cools more thoroughly, and the Nuave
of the wall increases. Under the rotating condition, there is little difference in the heat
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transfer intensity between the leading and trailing surfaces. However, the Nuave of both
the leading and trailing surfaces in the rotating condition is lower than that of the static
condition, which may be caused by the centrifugal force of rotation, which leads to more
airflow downstream on the upper side and decreases the down part heat transfer intensity.

Energies 2024, 17, x FOR PEER REVIEW 14 of 19 
 

 

 
Figure 12. Distribution of average Nusselt number (Nuave) on the leading and trailing surfaces under 
rotating and static conditions for different Res. 

3.2. Effect of the Gap Width 
The effect of five gap widths on the flow and heat transfer characteristics of the mor-

tise and tenon assembly gap under rotating conditions was studied, in which five different 
widths (d = 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, 0.6 mm) were analyzed in detail. 

3.2.1. Effect of the Gap Width on Flow Characteristics 
Figure 13 shows the dimensionless velocity contours and flow streamline distribu-

tions at Z/L = 0.0 (near inlet), Z/L = 0.5 (middle of the channel), and Z/L = 1.0 (near outlet) 
of the mortise and tenon gap under rotating conditions with a gap width of d = 0.2 mm. 
Additionally, the results in the same positions and conditions with a gap width of d = 0.6 
mm have been shown in Figure 8b. The black arrows represent the flow direction of the 
S-shaped channel, the blue arrows represent the direction of the centrifugal force, and the 
green arrows represent the direction of the pressure gradience. The direction of rotation 
has been labeled in the figure. As can be seen in Figures 8 and 13, the flow pattern with 
different gap sizes is almost the same. The only difference is the velocity magnitude in the 
lower crescent corner of the narrower gap is larger, while the velocity magnitude in the 
straight slot of the narrower gap is lower, especially at the inlet portion. One reason for 
that is the air velocity decreases with the gap width expands since all cases are kept con-
sistent in Re, and the hydraulic diameter of the gap increases with the gap width. Another 
reason for that is the effect of the wall on the flow will be more notable in a narrower slot. 
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3.2. Effect of the Gap Width

The effect of five gap widths on the flow and heat transfer characteristics of the mortise
and tenon assembly gap under rotating conditions was studied, in which five different
widths (d = 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, 0.6 mm) were analyzed in detail.

3.2.1. Effect of the Gap Width on Flow Characteristics

Figure 13 shows the dimensionless velocity contours and flow streamline distributions
at Z/L = 0.0 (near inlet), Z/L = 0.5 (middle of the channel), and Z/L = 1.0 (near outlet) of the
mortise and tenon gap under rotating conditions with a gap width of d = 0.2 mm. Addition-
ally, the results in the same positions and conditions with a gap width of d = 0.6 mm have
been shown in Figure 8b. The black arrows represent the flow direction of the S-shaped
channel, the blue arrows represent the direction of the centrifugal force, and the green
arrows represent the direction of the pressure gradience. The direction of rotation has been
labeled in the figure. As can be seen in Figures 8 and 13, the flow pattern with different
gap sizes is almost the same. The only difference is the velocity magnitude in the lower
crescent corner of the narrower gap is larger, while the velocity magnitude in the straight
slot of the narrower gap is lower, especially at the inlet portion. One reason for that is the
air velocity decreases with the gap width expands since all cases are kept consistent in Re,
and the hydraulic diameter of the gap increases with the gap width. Another reason for
that is the effect of the wall on the flow will be more notable in a narrower slot.

Figure 14 demonstrates the fluid turbulence intensity contours of the mortise and
tenon gap at Z/L = 0.0 (near the inlet), Z/L = 0.5 (middle part of the channel), and Z/L = 1.0
(near the outlet) with a gap width values, 0.5. Additionally, the turbulence intensity in the
same positions and conditions with a gap width of d = 0.6 mm is shown in Figure 9b. It
can be seen that the variation of turbulent intensity within the structure channel follows
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the same pattern as analyzed in Figure 9. Meanwhile, the magnitude of the turbulence
intensity increases with the gap width.
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tenon gap (d = 0.5 mm, Re = 3.5 × 104).

3.2.2. Effect of the Gap Width on Heat Transfer Characteristics

Figure 15 illustrates the contours of the leading and trailing surfaces’ Nu distributions
for different mortise and tenon assembly gap widths under rotational conditions. The case
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where d = 0.6 mm is shown in Figure 11e. In comparison with Figure 11e, the reduction
in the gap width of the channel causes a decrease in the area of the high Nu area on the
channel wall, and this phenomenon is more obvious in the narrow straight slot potion.
These findings are consistent with the phenomenon shown in Figure 13. Additionally, the
reasons to explain that have been discussed while analyzing Figure 13; the main reason is
that the velocity magnitude and turbulence intensity increase with the gap width.
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tenon assembly gap widths under rotational conditions (Re = 3.5 × 104).

Figure 16 shows the distribution of Nuave on the leading and trailing surfaces for
different mortise and tenon assembly gap widths under rotating conditions. From the
figure, it can be seen that the channel Nuave increases with the increase in the mortise and
tenon assembly gap width. In the rotating condition, the vortex size of the channel near
the leading surface is slightly larger than that of the trailing surface. Therefore, the heat
transfer between the fluid and the leading surface is slightly stronger than compared to the
trailing surface, but the difference between them is not significant. It is consistent with the
analysis results in Figure 13. Consistent with Figure 15, as the channel gap width reduces,
the channel Nuave falls, and the Nuave difference between the leading and trailing surfaces
increases.
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4. Conclusions

This paper numerically investigated the effects of rotation and assembly gap width
on the flow and heat transfer characteristics within the mortise and tenon gap. The flow
and heat transfer in static and rotating conditions with five Re were discussed, and five gap
widths in rotating conditions were analyzed. The main conclusions are as follows:

1. Under rotating conditions, the pressure distribution across the mortise and tenon
assembly gap section differs from that in static conditions. The pressure increases
in the radial direction due to centrifugal force, reaching its maximum value at the
corners of the S-shaped structure. The combined effects of centrifugal force and
pressure gradience result in a different distribution of the streamlines in the upper and
lower halves of the channel cross-section. The rotation changes the incident direction
of the fluid, and the inlet vortex becomes more complicated, resulting in a higher
turbulence intensity at the inlet. As the flow progresses, the turbulence intensity
gradually decreases.

2. Due to the presence of the inlet vortex, the drag coefficient and Nu of the mortise and
tenon assembly gap are highest at the channel inlet. As the flow develops, both of
them gradually decrease. In the same cross-section of the channel, with the affected
viscosity of the fluid and spacing between the wall, velocity magnitude, and the
turbulence intensity, the crescent-shaped corner region with a wider flow area at the
two ends of the mortise and tenon assembly gap is larger, and exhibits higher Nu
values, while those values in the narrower straight slot area are lower.

3. The Nuave of both the leading and trailing surfaces in the rotating condition are lower
than that of the static condition, which may be caused by the centrifugal force of
rotation, which leads to more airflow downstream on the upper side and decreases
the down part heat transfer intensity. With the increase in Re and the width of the
mortise and tenon assembly gap, the wall Nuave increases, indicating higher heat
transfer intensity in the channel. While the effect of Re and gap width are more
announced than the rotation.
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