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Abstract: By setting textures on the side walls of a rotor, based on SST k-ω turbulence and the mixture
model, the effects of depth-to-diameter ratio, shape, and rotational speed on interface temperature
are analyzed. Local Nu number, flow field in textures, and gas distribution are used to verify the
conclusion. When rotational speed increases, there are three different stages on the surface: liquid-
dominated, mixed two-phase, and gas-dominated. This leads to a big difference in heat transfer on
the side wall and causes the temperature on the seal face to increase when cavitation is considered.
The distribution of the gas phase is explained through drag reduction, which has a high correlation
with the velocity gradient near the surface. For several common shapes, heat transfer enhancement
of textures is compared under high speed. The key influencing factor is the depth-to-diameter ratio,
which causes flow stratification and reduces heat transfer. Flow stratification leads to different results
of maximum temperature on the seal face when cavitation is considered. Results show that at high
speed, a deep, circular texture is better when cavitation does not occur, and a shallow triangular
texture is recommended when cavitation occurs; a textured side wall can reduce the maximum
temperature of the seal face by about 10 ◦C.

Keywords: high-speed; two-phase flow; textured side wall; mechanical seals; heat transfer

1. Introduction

The mechanical seal is an important part of rotating machinery that is widely as-
sembled on pumps, compressors, kettles, and other equipment [1,2]. The space in the
astronautical high-speed turbopump is limited, the linear velocity of the seal set on the
shaft is high, and there is no additional flushing system. These special conditions often lead
to thermal failure leakage caused by overheating of the seal interface [3,4]. Additionally,
high-speed turbopump has high-speed and low-pressure conditions that easily cause cavi-
tation in the medium when flow regulation and fluid excitation occur [5–7]. The presence
of a gas phase around the side wall affects the heat transfer of the seal ring, increasing the
risk of thermal failure on the seal interface. Thus, how to improve the heat transfer of the
ring and reduce fluid cavitation around the ring are key issues in the research of high-speed
turbopumps.

Recent studies have shown that thermal deformation is one of the main factors in the
wear failure of seals or bearings used in rotating machinery [8]. When the thermal effect is
taken into account, the impact of the axial movement on bearing performance is greater [9].
Research on finger seals has also shown that leakage and wear are much more serious when
thermal deformation occurs [10], and the sealing performance of reciprocating seals is also
sensitive to temperature. When the temperature is too high or too low, friction might be
several times that of normal temperature [11]. These studies show that high temperatures
on surfaces with relative motion affect the tribological behavior between surfaces, and
reducing the temperature of the contact surface has great significance in improving the
friction condition on the surface.
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Changing the shape of the seal interface is widely used in non-contact mechanical
seals to reduce wear and control the temperature in the interface. Many types of grooves,
including spiral grooves [12] and herringbone grooves (HG) [13], are set in seals to reduce
the temperature and wear. Notch is also widely used to reduce excessive thermal deforma-
tion and wear [4]. However, this method increases leakage and decreases the temperature
at the same time, and the leakage of high-speed turbopumps must be maintained within a
very small range; thus, many researchers have tried to find another method that is suitable
for turbopumps.

Recently, processing texture on the side wall of seal rings has attracted attention
due to its good heat transfer performance and small resistance loss [14–16]. Some re-
searchers [17,18] set textures of different shapes and different arrangements on a plate,
measured the temperature and velocity distribution inside the texture through experiments
and found a slight variance in temperature distribution between different cases with similar
Nusselt numbers (Nu number). Nian et al. [14] were the first researchers to use a seal with
textured side walls to reduce the temperature of the seal face. Their experimental results
showed that this technology can reduce the temperature of the seal face by about 10% at low
speed and pressure. Subsequently, they [15] studied the influence of texture arrangement
and geometric parameters on heat transfer enhancement at low speed and found that
small-sized textures with a dense arrangement are better. Zhou et al. [16] studied the heat
transfer effect of various textures. The equilateral triangular texture with a rotation angle
of 90◦ had the best heat transfer, while the rectangular texture had the worst heat transfer.

Cavitation inevitably occurs in turbopumps due to the high-speed or ultra-high-speed
working conditions. Cavitation has unacceptable effects on the mechanical seal. First,
cavitation can cause the collapse of the bubble, which interferes with the reliability of
the mechanical seal [19]. Second, due to the poor heat transfer performance of the gas
medium, heat exchange between the seal and the fluid is weakened. Many researchers
have established numerical models for predicting the generation of cavitation. The Elrod
Model [20,21] is one of the classical and widely used models. It has been used in mechanical
seals for many years. However, the Elrod Model has some simplified assumptions, for
example, that the surface is smooth [22], which makes it unavailable in many situations.
Thus, some researchers have used business software to calculate cavitation [23,24] and
gotten relatively precise results. A series of studies have also been carried out on the
cavitation. An image processing method has been developed by Ge et al. [25], and the
unsteady cavitation characteristics and shedding dynamics of cavitating flows at different
temperatures were investigated using a visual system with a small-scale venturi-type
section. The influence of thermodynamic effects on cavitation intensity and dynamic
behaviors has also been studied using PIV measurements and modal decompositions [26].
Ge et al. [27,28] also proposed the recommended ranges for many parameters of Venturi-
type cavitation reactors. These studies are of great significance in industrial production.
Li et al. [29] developed a cavitation model consisting of vapor bubble growth rate and
vapor bubble number density. Surface tension-controlled, inertia-controlled, intermediate,
and heat transfer-controlled cavitation regimes are also included in the model. Their model
is very useful, but the model constants are not optimized and are not validated for unsteady
cavitating flows.

The above work shows that the textures can take into account both the high heat
transfer and the low resistance loss and do not require additional space. It is an ideal
method for improving heat transfer in high-speed turbopumps. But until now, most
research on textures has been based on infinite plate and microchannel heat exchangers
that are obviously different from the flow and heat transfer in traditional seal chambers.
Secondly, as the increase of rotational speed, cavitation may occur, causing the gas–liquid
mixture phase in the seal chamber. Many existing studies on heat transfer of textured
side walls only focus on single-phase fluids. The influence of the gas phase on the heat
transfer of textured surfaces is also a key problem to solve. Therefore, the SST k-ω model
and mixture model are used in this paper to calculate the flow field, temperature field, and
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gas distribution of high-speed seals with textured side walls. The difference in heat transfer
at different rotational speeds is analyzed when cavitation is taken into account. The effect
of depth-to-diameter ratio and texture shape on heat transfer is also investigated, and the
heat transfer mechanisms of textures under two-phase flow conditions are revealed.

2. Numerical Models and Boundary Conditions
2.1. Geometric Model

Figure 1 shows the typical structure of a high-speed mechanical seal with a textured
rotor used in the turbopump. To increase computational efficiency, 1/36 of the entire ring
is considered to be the computational domain, including the rotor, stator, and fluid. The
sealing medium is water, the ambient temperature is 140 ◦C, and the cavitation pressure is
0.46 MPa. Other boundary conditions and geometric and physical parameters are shown in
Figures 1 and 2 and Tables 1–4. To simplify the analysis, make the following assumptions:
(1) no slip on the side wall of the seal ring; (2) no thermal and force deformation on the
seal face; (3) physical properties remain unchanged except for the specific heat capacity of
gaseous water; (4) thermal radiation is ignored; leakage and its influence on temperature
are ignored due to the low leakage of contact mechanical seal.
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Figure 1. Geometric diagram. (a) Schematic diagram of high-speed turbopump mechanical seal.
(b) Schematic diagram of seal ring and fluid. (c) Schematic diagram of textured circumference surface.
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Figure 2. Boundary condition diagram.
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Table 1. Geometric parameter.

Variable Parameter Name Value Variable Parameter Name Value

d1 Outer diameter of fluid zone/mm 30 d5 Inner diameter of stator/mm 19
d2 Outer diameter of seal face/mm 23 ld Rotor length/mm 5
d3 Inner diameter of seal face/mm 18 ls Stator length/mm 3
d4 Outer diameter of stator/mm 22 n1 Row number 3
a Axial gap of texture/mm 1 d Characteristic length of texture/mm 0.5
b Spacing to seal face/mm 0.5 h0 Depth of texture/mm 0.2~1

α0 Circumferential gap of texture/◦ 4

Table 2. Boundary conditions.

Boundary Type Thermal Condition Comments

I1 Velocity inlet T = 413 K vi = 0.9 m/s
O1 Pressure outlet T = 413 K po = 0.47 MPa

W1–W2 Wall, constant T T = 413 K /
W3–W6 Wall, insulation q = 0 W/m2 /

WR Wall, heat generation User define function Interface, f = 0.15
WS Wall, heat generation User define function Interface, f = 0.15

W7–W8 Wall, couple face Coupled n = 5000~20,000 rpm

Table 3. Constant of SST model.

Constant φ1 φ2

σk 1.176 1
σω 2 1.168
β 0.075 0.0828
α 0.31 0.31

Table 4. Physical parameters.

Material Thermal Conductivity
k (W·m−1·K−1)

Density
ρ (kg·m−3)

Specific Heat Capacity
cp (J·kg−1·K−1)

Viscosity
µ (Pa·s)

9 Cr18 30 10,200 279 /
Carbon graphite 51 1930 813.5 /

Water (liquid) 0.6 1000 4182 1.003 × 10−3

Water (vapor) 0.261 0.5542 Piecewise–Polynomial 1.34 × 10−5

2.2. Governing Equation

Due to the rotation of the textured rotor, fluid in the seal chamber is easy to be in
a turbulent state. Thus, the SST k-ω turbulence model is used to calculate the flow field
and velocity in the texture, and the energy equation is used to simulate heat transfer and
temperature. Considering the loading rate of particles and Stokes number, the Mixture
Model is used as a multiphase flow model to calculate the generation and movement of
the gas phase. Finally, taking into account the existence of an interface on the side wall,
the coupled algorithm is used to ensure the correctness and accuracy of results. Equations
are considered to be convergent when the residual is less than 1 × 10−3, except that the
residual of the energy equation is set to 1 × 10−6.

The steady-state format of the SST model is shown as

∂

∂xi
(ρk0ui) =

∂

∂xj

(
Γk0

∂k0

∂xj

)
+ Gk0 −Yk0 + Sk0 (1)

∂

∂xi
(ρω0ui) =

∂

∂xj

(
Γω0

∂ω0

∂xj

)
+ Gω0 −Yω0 + Dω0 + Sω0 (2)
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In Equations (1) and (2), ρ is density; k0 is turbulent kinetic energy; ω0 is turbulent
dissipation rate; Γk0, Γω0 are effective diffusion terms of k0 and ω0 respectively; Gk0, Gω0
are k-equation and ω-equation; Yk0, Yω0 are divergent term of k0 and ω0 respectively;
Dω0 is orthogonal divergence term; Sk0, Sω0 are User-define source terms; xi, xj are tensor
representation of coordinate direction, i and j are dummy index; ui is tensor representation
of velocity, subscripts are dummy index, too. By changing the constants of the SST model,
the turbulence model can be adjusted. Except for the constants listed in Table 3, the rest are
the default settings of fluent.

The continuity equation and momentum equation of the Mixture Model are:

∂(ρmui)

∂xi
= 0 (3)

∂
(
ρmuiuj

)
∂xj

= − ∂p
∂xi

+ µm
∂

∂xj

(
∂ui

∂xj
+

∂uj

∂xi

)
+ ρmg (4)

In Equations (3) and (4), ρm is the density of the mixed phase, calculated as Equation (5),
µm is the dynamic viscosity of the mixed phase, calculated as Equation (6).

ρm = ρvVF + ρl(1−VF) (5)

µm = µvVF + µl(1−VF) (6)

In Equations (5) and (6), ρl is the density of liquid, ρv is the density of the gas, µl is
the dynamic viscosity of the liquid, µv is the dynamic viscosity of the gas, and VF is gas
volume fraction.

In addition, a gas–liquid phase transition equation is needed to describe the mass
transfer between gas and liquid phases:

∂(ρvuiVF)

∂xi
=

.
m (7)

In Equation (7),
.

m is the source term of mass transfer,
.

m > 0 indicates that the liquid
phase is converted into the gas phase, and

.
m < 0 is the opposite.

The energy equation is the default option of ANSYS Fluent, which does not need to be
explained. The constants involved in the SST model are shown in Table 3. F1 and F2 are
intermediate values used in the calculation of each parameter φ, φ = φ1F + φ2 (1 − F), F is a
model decision parameter, taking 1 in the near-wall region, taking 0 in the turbulent zone.
a is the ratio of shear stress to turbulent kinetic energy inside the boundary layer; β is the
constant of the dissipation term used in k-equation; σk, σω is the constant of the diffusion
term used in k-equation and ω-equation.

Depth-to-diameter ratio (γ) is a very important geometric parameter in this paper. It
will greatly affect the heat transfer of textured surfaces. Therefore, it is necessary to explain
the definition of γ, shown in Equation (8).

γ =
h0

d
(8)

In Equation (8), γ is the depth-to-diameter ratio, h0 is the depth of texture, d is the
hydraulic diameter of different textures.

In this paper, it is also necessary to discuss the mechanism of drag reduction on
the side wall, and Equation (9) is used to explain it. According to Refs. [30,31], one of
the mechanisms of drag reduction on textured surfaces is: The reverse vortex inside
textures causes fluid–fluid contact, replacing flow-solid contact, which will significantly
reduce the velocity gradient. Equation (9) is the transport equation for the vorticity of
incompressible flow.

(ω·∇)→v +

( →
v·∇

)
ω = ν∇2ω (9)
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In Equation (9), ω is vorticity,
→
v is velocity vector, n is kinematic viscosity, ∇ is

Hamiltonian. (ω·∇)→v means that as long as the velocity gradient exists, the vorticity will
be changed. ν∇2ω is the viscous diffusibility of the vorticity. It shows that the velocity
gradient will cause distortion of the vortex. The more the vortex is produced, the higher
the velocity is induced, and the high velocity will cause large turbulent kinetic energy loss.
This means that a small velocity gradient is equal to a low energy loss, and a low energy
loss is equal to a drag reduction around the wall.

2.3. Boundary Conditions

According to the actual installation characteristics of the high-speed turbopump
mechanical seal, the inlet of the fluid in the seal chamber is located at the back of the rotor,
and the outlet at the outside of the stator, as shown in Figure 1. The common flushing
flow rate is 8–25 L/min, so the calculation selects the intermediate value (16 L/min) to
ensure safety and universality, and the calculated result of inlet velocity is 0.9 m/s. The
frictional heat is calculated and loaded on the WR and WS surfaces shown in Figure 2,
according to the method proposed by Nian [14] et al. Given the influence of high speed on
friction coefficient, the chosen friction coefficient f is 0.15. Additionally, due to the small gap
between the inner diameter of the seal ring and shaft and the large heat transfer coefficient
of the side wall at high speed, the convective heat transfer at the inner diameter is ignored.
Specific boundary conditions are shown in Table 2, and material physical parameters are
shown in Table 4.

2.4. Grid Independence Validation and Model Validation

Fully structured and hexahedral units are used for meshing; mesh quality is guar-
anteed between 0.517 and 1, and mesh skewness is guaranteed between 0 and 0.472. In
common CFD software, good results can be obtained when mesh quality is greater than
0.2, and mesh skewness is less than 0.5. Therefore, the calculation results of these grids are
reliable. Furthermore, the y+ of the side wall is controlled by setting the number of grid
layers in the boundary layer, and the definition of y+ can be found in Ref. [32]. The specific
rules of encryption are: (1) ensuring y+ ≤ 10; (2) at least 10 layers of grids are set in the
boundary layer; and (3) the growth rate of the grid size in the boundary layer is 1.2–1.4,
and the closer to 1.2, the better. The mesh generation results are shown in Figure 3, whereas
the circular texture uses the O-block, and the triangular texture uses the Y-block.
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Figure 4 shows the results of grid-independence validation, where the maximum grid
size is 6 × 10−5 m, 5 × 10−5 m and 4 × 10−5 m, respectively. During validation, local
encryption ensures that y+ near the coupled surface [33–35] is less than 10. And the grid
number obtained is 1.2 × 106, 1.9 × 106, and 3.4 × 106, respectively. The criterion for mesh
independence is the radial temperature of the seal face. The result shows that when the
number of grids increases from 1.2 × 106 to 1.9 × 106, the deviation of the temperature
curve is about 0.5–1 ◦C, and when the number of grids increases from 1.9× 106 to 3.4 × 106,
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the deviation of the temperature curve is less than 0.1 ◦C. However, the calculation time
using the third grid is about twice that using the second. Based on the cost of time and
accuracy, the second grid is chosen, i.e., the maximum grid size is 5 × 10−5 m, and the grid
number is 1.9 × 106.
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Figure 5 shows the validation of the model. The numerical results of the radial
temperature at three different axial positions (z = 1.2 mm, 1.73 mm, 3.51 mm) are compared
with the experimental and numerical results in Ref. [36]. Temperature differences in all
locations are below 0.5 ◦C, so the thermal model is validated. Compared to Ref. [36], the
k-ε model is modified to the SST model. When the flow is simple, the k-ε model can reduce
the computing resources required. But for cross-scale flow, the SST model is better.
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Figure 5. Model validation with experiment and numerical simulation of Merati [36].

2.5. Sampling Location Description

As shown in Figure 6, five sampling positions on the side wall with different textures
(circular and triangular) are selected, and the reasons for choosing them will be explained
in this section. Z = 0.5 mm is the center section of the textures closest to the seal face
(First row of textures, FRT). Since the circumferential velocity of the fluid near the side
wall is much greater than the axial velocity at high-speed conditions (at 20,000 rpm, the
circumferential velocity is about 23 m/s, and the axial velocity is about 1 m/s), Z = 0.5 mm
can be considered to be the central section of main flow direction in the texture. X = 0 is
the symmetrical axis section of the entire ring that can be used to observe the flow field
and gas phase distribution in the seal chamber. Then, the central FRT for analysis and
three relative depths inside the texture are selected. At each relative depth, the starting
point (ϕ = 0◦) is the intersection of X = 0 and the depth section near the seal face, and the
endpoint (ϕ = 360◦) is the counterclockwise rotation (shown in Figure 6a,b).
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3. Results and Discussion
3.1. Influence of Rotational Speed on the Maximum Temperature of Seal Face

As the rotational speed increases, cavitation occurs on the side wall of the seal ring,
which greatly increases the maximum temperature of the seal face. Therefore, it is necessary
to study when considering cavitation. It should be noted that the increase of the maximum
temperature on the seal face will lead to a series of thermal failures. So, how the maximum
temperature on the seal face changes when cavitation occurs is also one of the key points to
be discussed.

Figure 7 shows the maximum temperature on the seal face at different rotational
speeds. As the rotational speed increases, the temperature on the seal face increases. The
temperature of the textured surface (γ = 0.4 and γ =2.0) gradually becomes higher than
the plane surface when n ≥ 14,000 rpm and cavitation is considered. Additionally, when
n = 20,000 rpm, the temperature suddenly increases. This indicates that cavitation begins
to influence temperature when n = 14,000 rpm, and the most significant effect occurs when
n = 20,000. Therefore, it is necessary to investigate the difference in heat transfer between
cavitation and non-cavitation on three surfaces at high speed. Additionally, the three
colored blocks are divided by the gas phase volume fraction, which will be discussed later.
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Figure 7. Maximum temperature on seal face.

Figure 8 shows the maximum temperature differences between different surfaces. The
most important turning points of the curve appear at 14,000 rpm and 18,000 rpm. The law
of the turning points in Figures 7 and 8 is consistent. When n < 14,000 rpm, cavitation
does not affect the temperature differences (∆T). When 14,000 rpm ≤ n ≤ 18,000 rpm, ∆T
is much larger when cavitation is ignored, indicating that cavitation causes reduced heat
transfer in these situations. When n = 20,000 rpm, the ∆T of the textured surface is different
when the depth-to-diameter ratio γ changes, which means textures with different γ cause
different results. The mechanisms of these results will be explained later.
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Figure 8. Temperature differences between textured side wall and plane surfaces.

Figure 9 shows the average volume fraction curve and area ratio curve of VF > 0.1.
The reason for selecting 0.1 as a threshold is that the gas phase is treated as a dispersed
phase and does not participate in the coupled analysis when VF < 0.1. Additionally, when
VF < 0.1, the physical properties of the two-phase fluid are similar to those of a single
phase, then the influence of the gas phase can be ignored. As shown in Figure 9, when
n < 14,000 rpm, the average gas volume fraction (AGVF) of the side wall is less than 0.1,
and the area ratio of VF > 0.1 is less than 0.2. So, the gas phase is considered to be a
discrete phase, with little effect on the liquid phase, and ∆T of the three surfaces is basically
independent of cavitation. When 14,000 rpm ≤ n ≤ 18,000 rpm, AGVF begins to increase
in all three cases. The AGVF of the plane surface increases faster, but the gas phase
distribution area of the textured side wall is larger. In other words, the cavitation intensity
of the textured side wall increases slowly, but the range of cavitation is wider. At this time,
the presence of texture causes cavitation in areas where cavitation does not occur on the
plane surface, so the AGVF and AF of the textured side wall are larger than those of the
plane surface. However, because of the lack of drag reduction, the growth rate of energy
dissipation rate on the plane surface will be greater than that on the textured side wall
as the rotational speed increases, resulting in the faster increase of AGVF and AF on the
plane surface. Large AGVF and AF on the textured surface result in a weaker heat transfer
when considering cavitation at 14,000 rpm ≤ n ≤18,000 rpm. The situation of two kinds
of textures is different at n = 20,000 rpm. When γ = 0.4, heat transfer with cavitation is
stronger than that without cavitation. When γ = 2.0, heat transfer with cavitation is weaker
than that without cavitation. This is determined by the gas phase distribution and flow
field, which will be analyzed later.
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According to the previous analysis, a diagram of the gas volume fraction on the side
wall at n = 14,000–20,000 rpm is extracted and shown in Figure 10. With the increase of
rotational speed, gas volume fraction increases significantly. However, the textured surface
effectively suppresses the growth of the gas phase. This phenomenon is more obvious
when n = 18,000 rpm and 20,000 rpm. Since the area with a high gas phase is still small
at n = 18,000 rpm, the reduction of VF in the textured region (from 0.7 to 0.6) leads to
an insignificant effect on the maximum temperature of the seal face. At 20,000 rpm, the
decrease of the gas phase begins to be different when γ changes. When γ = 2.0, VF between
two rows is almost not reduced (Figure 10(c-4), orange and yellow area). And VF near the
seal face (its position is shown in Figure 10(a-4)) is not weakened, either. That means if γ
becomes too large, the cavitation intensity between textures will increase. The reason for
this phenomenon is that the Velocity Gradient in the Z-direction on the textured surface
gradually increases when γ = 2.0.
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texture, γ = 0.4. (c-1–c-4) Circular texture, γ = 2.0.

The average velocity gradient (VG) of the textured surface and the plane surface at
different rotational speeds is shown in Figure 11. As rotational speed increases, VG in
X-direction of γ = 0.4 increases from 0.8 × 105 s−1 to 14.6 × 105 s−1, VG in X-direction of γ
= 2.0 increases from 2 × 105 s−1 to 11 × 105 s−1, and VG in X-direction of plane surface
increases from 0.8 × 105 s−1 to 22 × 105 s−1. VG in Y-direction of γ = 0.4 increases from
0.2 × 105 s−1 to 1.2 × 105 s−1, VG in Y-direction of γ = 2.0 increases from 0.4 × 105 s−1
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to 1.7 × 105 s−1, and VG in Y-direction of plane surface increases from 0.6 × 105 s−1 to
1.4 × 105 s−1. VG in Z-direction of γ = 0.4 increases from 0.52 × 105 s−1 to 2.4 × 105 s−1,
VG in Z-direction of γ = 2.0 increases from 0.52 × 105 s−1 to 2.4 × 105 s−1, and VG in
Z-direction of plane surface increases from 1.5 × 104 s−1 to 1.2 × 105 s−1. These are in good
agreement with the gas phase distribution mentioned earlier. That is, when n < 18,000 rpm,
the textured side wall will enhance drag reduction, which leads to the increase of gas phase,
and when n = 20,000 rpm, the textured side wall will cause different results due to different
γ. Additionally, VG in the Z-direction of γ = 2.0 is larger than γ = 0.4, which means the gas
inside textures flows more easily to the outside of the texture, causing VF between several
textures to increase. This phenomenon is also shown in Figure 12(e-4).
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Figure 11. VG of textured side wall and plane surface. (a) X—direction; (b) Y—direction; (c) Z—
direction.

Additionally, Ref. [31] shows that drag reduction will be affected by the depth-to-
diameter ratio of texture (γ) and velocity near the wall. The maximum drag reduction
effect is achieved when velocity is about 24 m/s and γ is about 0.5 [31]. In this study, when
n = 20,000 rpm, the velocity of the fluid around the rotor is about 23 m/s, which is close to
the best velocity, and γ = 0.4 is also close to the best depth-to-diameter ratio. Importantly,
drag reduction leads to less gas phase, which means better heat transfer.

Since the VG of the two textured surfaces is very similar in the three directions, the
difference in cooling needs to be further explained by the gas phase distribution at section
X = 0. As shown in Figure 12, the gas distribution at the section of X = 0 on the plane
surface and textured surface is extracted to explain the necessity of setting texture around
the seal ring at high speed. Figure 12a–c are VF contours of three important regions where
heat transfer occurs, including the seal face of the rotor, the side wall of the stator, and the
side wall of the rotor. From the contours, it can be clearly seen that the VF of the three
regions increases rapidly at high speed. And the higher the rotational speed, the faster
the VF increases. Moreover, the thickness of the gas layer on the side wall of the rotor
also increases when rotational speed increases. The side wall and the exposed seal face
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of the rotor are almost covered by the gas phase, and the gas phase also appeared on the
side wall of the stator at 20,000 rpm. For textured rings, the increase of rotational speed
only affects gas distribution inside textures, as shown in Figure 12d,e. With the increase of
rotational speed, gas volume fraction in all textures increases. However, it should be noted
that the gas range around textures has increased significantly when γ = 2.0, n = 20,000 rpm
(Figure 12(e-4)) due to the increase of VG in the Z-direction. This also explains why there is
a difference in the VF between γ = 0.4 and γ = 2.0 in Figure 10 at 20,000 rpm.
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Figure 12. Gas distribution of seal chamber in X = 0 section. (a) Side wall of stator (plane surface);
(b) Side wall of rotor (plane surface); (c) Seal face of rotor (plane surface); (d) Side wall of rotor
(circular texture, γ = 0.4); (e) Side wall of rotor (circular texture, γ = 2.0).

3.2. Influence of the Shape and the Depth-to-Diameter Ratio of Textures

The above research shows that a textured surface is the most sensitive to drag reduction
when n = 20,000 rpm. And the cooling effect of the two kinds of textures is also different
at this rotational speed. The difference in cooling effect between the two kinds of textures
should be studied further. In addition, it should be discussed whether this phenomenon
exists in different shapes of textures.

For these reasons, further exploration is carried out at n = 20,000 rpm. Figure 13 shows
the relationship between cooling and γ at n = 20,000 rpm. Figure 13 shows that when
cavitation is not considered, the temperature difference between the textured side wall and
plane surface gradually increases with the increase of γ. When the fluid is in the liquid
phase, textures are equivalent to the heat pipes set in the ring. So, it can be explained that
the heat transfer is stronger when the area of the heat pipe increases. Due to the difference
in the bottom surface, the side wall area of the triangular is much smaller than that of the
circular, so the heat transfer effect is not as good as that of the circular.
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Figure 13. Temperature reduction at different depth-to-diameter ratios when n = 20,000 rpm.

When cavitation is taken into account, the temperature difference between the textured
side wall and plane surface decreases with the increase of γ, and the curve of triangular
texture decreases more obviously. This phenomenon is consistent with that found in
Figure 11; that is, if γ becomes too large (more than 1.6), the cavitation intensity at the gap
between several textures will increase sharply. In addition, the circulation in triangular is
more severe than that in circular when γ increases. When gas occurs, the circulation causes
a more serious weakening of heat transfer due to small thermal conductivity and specific
heat capacity, which makes the temperature of the fluid within the textures higher and the
heat transfer between the upper and lower vortex weaker.

The results shown in Figures 14 and 15 represent the Nu number at the bottom
of each texture, η is the ratio of the local Nu number on the textured side wall to the
average Nu number on the smooth side wall, subscripts c and t represent circular and
triangular respectively. There are two high heat transfer regions in the figure: (1) the texture
inlet (ϕ = 270◦) and (2) the wake region at the texture outlet (ϕ = 90◦). The distribution
of ηc in these regions is related to the local gas volume fraction (LGVF) of the side wall.
Figure 10(b-4) shows an area of small LGVF (light blue area) that appears at the wake region
of FRT, and Figure 14d also shows a high heat transfer area at the same location, making
the wake area of FRT look more asymmetric. However, due to greater local turbulence, the
influence of the gas phase needs to be considered together with the local flow field in the
texture. In general, when γ < 1.6, the heat transfer of the bottom surface with cavitation is
stronger than that without. And when γ > 1.6, things go differently. For both texture shapes,
the stratification of the internal flow field is more obvious when γ increases. The mass
exchange between the bottom fluid and the main flow is difficult, resulting in a temperature
rise of the bottom fluid. For gas, its thermal conductivity is worse, and the specific heat
capacity is smaller, causing the temperature of gas near the bottom to become higher than
the temperature of liquid when flow fields are similar. And the higher temperature affects
the heat transfer of the bottom. This situation is similar to the phenomenon of flow internal
circulation near the seal face observed in the study of the pump ring [37]. Observing the
bottom heat transfer of both textures at high-speed conditions, the reduction rate of the
triangular texture is much higher than the circular texture. It is also caused by the more
severe fluid stratification in triangular texture.
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Figure 14. ηc on the bottom of circular texture at n = 20,000 rpm. (a) Single phase, γ = 0.4; (b) Single
phase, γ = 0.8; (c) Single phase, γ = 2; (d) Two-phase, γ = 0.4; (e) Two-phase, γ = 0.8; (f) Two-phase,
γ = 2.
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Figure 15. ηt on the bottom of triangular texture at n = 20,000 rpm. (a) Single phase, γ = 0.4; (b) Single
phase, γ = 0.8; (c) Single phase, γ = 2; (d) Two-phase, γ = 0.4; (e) Two-phase, γ = 0.8; (f) Two-phase,
γ = 2.

Since the VF of each row of textures is similar, the VF of FRT is extracted to further
analyze the influence of γ on heat transfer. As shown in Figure 16, when γ increases, the
VF around the texture increases significantly, especially in the triangular texture. This also
explains why the heat transfer of each texture decreases after γ increases, while triangular
texture decreases much faster than circular texture when γ > 1.6. This is mainly because
when γ increases, some effects will be significantly different. First, the jet will enhance the
downstream heat transfer when the temperature of the fluid in textures is lower than the
outside surface. But when γ increases, the jet weakens, and the fluid in the texture becomes
the high-temperature gas, which will weaken heat transfer.
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Figure 16. Gas volume distribution of different textures. (a-1) Circular, γ = 0.4; (a-2) Circular, γ = 0.8;
(a-3) Circular, γ = 2.0; (b-1) Triangular, γ = 0.4; (b-2) Triangular, γ = 0.8; (b-3) Triangular, γ = 2.0.
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Figure 17 shows the pressure distribution on the side wall of the circular texture at high
speed, and the gas volume distribution can be explained by the pressure distribution curve.
The pressure distribution of the circular texture at the top (h/h0 = 0) and bottom (h/h0 = 1)
is the same when γ changes. The top has two peaks on the outlet side (ϕ = 0◦~180◦),
corresponding to the wake region and jet flow mentioned above. The jet can place a layer
of fluid on the downstream solid wall of textures to reduce drag and cavitation intensity,
corresponding to the local gas phase distribution observed previously. However, when
γ gradually increases, the pressure difference between the peak and the other angles
gradually decreases, indicating that the intensity of the downstream jet flow gradually
weakens when γ increases. The bottom pressure distribution is almost the same in different
γ and is higher at the outlet side (ϕ = 0◦~180◦) due to the vortex distribution in the texture.
The vortex near the bottom rotates clockwise in the cross-section of three cases, causing the
velocity of the fluid at the outlet side points to the wall and the velocity at the inlet side
points away from the wall. This vortex presents a regular curve of the pressure. When
γ = 2, it shows a difference in the middle (h/h0 = 0.5) (Figure 17(c-2)). From the streamline
diagram shown later, it can be seen that a new vortex is added between the upper and
lower vortex that originally existed in texture when γ = 2, which causes pressure peak at
ϕ = 180◦~360◦ disappeared.
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Figure 17. Pressure distribution on the side wall of circular texture (n = 20,000 rpm).

Figure 18 shows the pressure distribution on the side wall of the triangular texture
at high speed. The geometric changes in the triangular textures are sudden, so the local
flow field changes suddenly. Therefore, there are 3 points of discontinuity in the pressure
distribution curve, which are ϕ = 60◦, 180◦, and 300◦ (called Angle1, Angle2, and Angle3).
Angle1 and 2 are the downstream outflow angles of triangular textures, where the fluid has
an impact on the surface, so there is a pressure peak. Since the fluid outflow at Angle1 is
more than at Angle2, the maximum pressure at Angle1 is higher. Angle 3 is the angle of the
inlet, where the fluid has a flow separation phenomenon that results in low pressure. And
triangular will also reduce drag and cavitation intensity downstream, just like the circular.
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Finally, ϕ = 60◦~180◦ is the boundary of the outlet, and the pressure on this boundary
is high.
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Figure 18. Pressure distribution on the side wall of triangular texture (n = 20,000 rpm).

Due to the complexity of the flow in the texture, it is necessary to analyze the flow
field in the texture. Afterward, the influence of γ and shape on ∆T is revealed from the
different flow fields.

Figure 19 shows the flow field in the cross-section of texture. The flow fields in the two
kinds of textures are very different. In circular texture, fluid flows evenly into the texture,
forming two jet flows and sparse outflows downstream. And in triangular texture, fluid
evenly flows into texture, forming vortex1 and vortex2. Vortex1 and vortex2 exchange fluid
through the flow near the wall (blue zone). Then, a dense jet flow caused by vortex2 is
formed at Angle1 (The jet causes a larger pressure surge at Angle1), and sparse fluid flows
out at the edge of the outlet (the sparse flow causes a smaller pressure surge at Angle2).
When γ is too large (more than 1.6), VF in the texture is large, leading to excessive fluid
temperature. The temperature of the fluid flowing out of the texture is higher than that
without cavitation. This reduces the heat transfer downstream in Figures 14 and 15.
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Figure 19. Flow field on the cross-section of different textures (n = 20,000 rpm).
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Figures 20 and 21 represent the streamlines of cross-section (Z = 0.5 mm) with different
γ and shapes. It can be seen from the streamline that there is fluid stratification in both
shapes, but the specific flow field is different. The flow field of texture under five γ was
observed, and three γ were extracted as the analysis objects (γ = 0.4, γ = 0.8, γ = 2.0).
The first two show the development of the vortex as γ increases, and the third shows the
fluid stratification phenomenon mentioned many times above. The three-dimensional
streamlines in the extracted texture are shown in Figure 22. Since the three-dimensional
flow fields of circular texture at γ = 0.4 and γ = 0.8 are similar, only the three-dimensional
flow fields at γ = 0.8 and γ = 2.0 are extracted. However, the lower vortex of triangular is
quite different when γ = 0.8, so the flow field of all three γ is extracted.
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Figure 20. Streamlines on cross-section Z = 0.5 mm with different γ (circular, 20,000 rpm).
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Figure 21. Streamlines on cross-section Z = 0.5 mm with different γ (triangular, 20,000 rpm).

In the circular textures, when γ is large (more than 1.6), although it is difficult for the
mains flow to directly enter the texture, there is a small fluid exchange between the upper
and lower vortex. And the stratification of triangular texture is more thorough. This causes
the lower vortex to take away heat only by heat convection, while the upper vortex can
directly take away the hotter fluid by mass transfer. Therefore, stratification will greatly
affect heat transfer.

Figure 20b,c show that after γ of the circular texture increases, there is a partial mass
transfer between the lower vortex and upper vortex. Figure 22b also shows that the upper
fluid will enter the lower layer. However, when γ is large, the area occupied by the lower
vortex gradually increases. Then, the region with high-temperature fluid becomes larger,
and the heat transfer at the bottom of the texture is weakened. For triangular texture,
Angle1 converges fluid when γ = 0.4, making the heat exchange between the side wall and
downstream jet flow more intense. Therefore, the local high heat transfer near Angle1 in
Figure 15d is generated. Additionally, Figures 20a and 21a show that the lower fluid has
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a direct impact on the bottom and flows to the outlet along the surface, which leads to
the strongest heat transfer on the inlet side of the bottom and then weakens linearly along
the flow direction. As shown in Figure 21c, when γ =2.0, the occupied range of the lower
vortex increases, and there is a clear boundary layer between the lower vortex and the
upper vortex. Therefore, for triangular texture with large γ, t fluid in the lower part of the
texture shows internal circulation under high-speed conditions, which makes it difficult to
obtain a mass transfer through the upper vortex or the main flow and is difficult to transfer
heat, too. Compared to the two shapes of textures, the triangular texture has a more serious
internal circulation of the lower vortex, resulting in a worse heat transfer.
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(b) Circular, γ = 2.0; (c) Triangular, γ = 0.4; (d) Triangular, γ = 0.8; (e) Triangular, γ = 2.0.

There is a vortex occupying the large space inside the texture when γ = 0.4. After γ
increases, the lower vortex begins to become large, and fluid stratification occurs. This
phenomenon is the reason for a decrease in the heat transfer in the texture when γ increases.
However, the lower vortex in triangular texture rarely exchanges with the upper vortex,
while the upper and lower vortex in circular texture still exchange fluid. Therefore, the heat
transfer of circular texture is better than that of triangular texture when γ > 1.6.

4. Conclusions

The textured surface is used to weaken the cavitation intensity on the side wall of
the seal ring under high-speed conditions, and the maximum temperature of the seal
face is effectively reduced. Compared to previous studies, there are two improvements.
First, the application of texture is expanded from low-speed, single-phase to high-speed,
two-phase. Second, the flow fields inside two kinds of textures are summarized, which
provides a useful idea for the design of textures and proposes a new method for controlling
the temperature of mechanical seals. The detailed conclusions are shown as follows:

1. Cavitation intensity is related to the maximum temperature of the seal face. When
the cavitation becomes stronger, the heat transfer of the surface is weakened, and the
maximum temperature of the seal face increases;

2. The cavitation intensity of the side wall increases with the increase of rotational speed,
but the law of cavitation intensity on three surfaces is different. Cavitation intensity
on the plane surface occurs at the latest, but it grows fastest, leading to three stages of
the gas phase: liquid-dominated, mixed two-phase, and gas-dominated. These stages
cause a big difference in heat transfer;

3. Cavitation intensity can be explained by velocity gradient. The velocity gradient is
positively correlated with turbulent kinetic energy dissipation. At first, the velocity
gradient on textured surfaces is smaller than that on plane surfaces but soon catches
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up with the increase of rotational speed, and the change of cavitation intensity is also
the same;

4. The increase in depth-to-diameter ratio produces two opposite effects: (1) it increases
the area of heat transfer, and (2) it causes fluid stratification in the textures. The
first will enhance heat transfer, and the second will weaken heat transfer. In a deep
texture (γ = 1.6 or 2.0), the first is dominant when the fluid is mainly liquid, and the
second is dominant when the fluid is mainly gas. This is because the smaller specific
heat capacity and thermal conductivity of the gas lead to poor heat transfer after
stratification, but the liquid is less affected;

5. The shape of textures will influence the flow field and pressure field on the textured
side wall. First, the fluid stratification inside the triangle is more serious after the
depth-to-diameter ratio increases. Second, if the two kinds of textures have similar
hydraulic diameter and depth, the circular texture has a larger area of heat transfer.
The first reason makes the shallow triangular texture perform better in multiphase,
while the second reason makes the deep, circular texture perform better in single-
phase;

6. According to the previous conclusions, a deep, circular texture is recommended when
cavitation will not occur (situations with high pressure and low speed), and a shallow
triangular texture is better when cavitation occurs (situations with low pressure and
high speed, such as a high-speed turbopump).
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Nomenclature

a Axial gap of texture mm
b Spacing to seal face mm
cp Specific heat capacity J·kg−1·K−1

d Characteristic length of texture mm
d1 Outer diameter of fluid zone mm
d2 Outer diameter of seal face mm
d3 Inner diameter of seal face mm
d4 Outer diameter of stator mm
d5 Inner diameter of stator mm
F Model decision parameter
f coefficient of friction
h0 Depth of texture mm
k Thermal conductivity W·m−1·K−1

k0 Turbulent kinetic energy m−2·s−2

ld Rotor length mm
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ls Stator length mm
n1 Row number
n rotational speed rpm
q Heat flux on the wall W·m−2

T Ambient temperature K
∆T Maximum temperature difference ◦C
Tmax Maximum temperature on the seal face of ring with cavitation ◦C
tmax Maximum temperature on the seal face of ring without cavitation ◦C
u Velocity in a certain direction m·s−1

VF Gas volume fraction
→
v velocity vector m·s−1

X, Y, Z Coordinate system directions mm
z z-directions used in Ref. mm
y+ Grid parameters of coupled wall
Simplification of nomenclature
AGVF Average gas volume fraction
FRT First row of textures
LGVF Local gas volume fraction
VG Velocity gradient
Greek letters
α The ratio of shear stress to turbulent kinetic energy inside boundary layer
α0 Circumferential gap of texture ◦

β Constant of dissipation term used in k-equation
Φ, Φ1, Φ2 Intermediate values used in the calculation of each parameter
γ Depth-to-diameter ratio of textures
η Ratio of local Nu number and average Nu number on side wall
µ Dynamic viscosity of fluid Pa·s
ρ Density kg·m−3

σk Constant of diffusion term used in k-equation
σω Constant of diffusion term used in ω-equation
ν Kinematic viscosity m2·s−1

ω Vorticity s−1

ω0 Turbulent dissipation rate m2·s−2

Subscript
g, l, m Gas phase, liquid phase, and mixed phase
i, j Component of the vector in the coordinate direction
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