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ABSTRACT The characteristics of high speed, high pressure, microscale, and rotating flow fields result in
very complicated flow between the dynamic and static rings of a dry gas seal. In particular, the existence of
a groove, dam, and weir further contribute to the uncertainty of a microscale flow field. Classically, the flow
regime of pipe flow is determined based on the critical Reynolds number (Pipe model) while the rotating flow
field is sometimes determined by the flow factor (Ovalmodel). In this study, a newmethodwas developed that
can be used for prediction of flow regime of a dry gas seal rotating flow field based on a three-dimensional
velocity component (Ellipsoid model). The aim was to make the given model reflect the flow regime more
realistically based on the consideration of the axial velocity component. Whenmodeling dry gas seal rotating
flow fields, we showed that compared to the one-dimensional Pipe model and the two-dimensional Oval
model, the three-dimensional Ellipsoid model proposed in this paper can produce more accurate results.

INDEX TERMS Ellipsoid model, flow regime, microscale, dry gas seal, rotating flow field.

NOMENCLATURE
h Film thickness [mm]
hg Groove depth [µm]
Ng Spiral groove number
N Rotation speed [rpm]
Pout Outlet pressure [MPa]
Pin Inlet pressure [MPa]
ri Inner radius of the seal ring [mm]
ro Outer radius of the seal ring [mm]
rg Root radius of the seal ring [mm]
κ Width ratio of the groove to the ridge
α Helix angle [◦]
Q Leakage rate [m3/h]
F Opening force [kN]
ρ Medium density [kg/m3]
µ Viscosity [Pa·s]
L Characteristic length [m]
Re Reynolds number
Rec Couette Reynolds number
Rep Poiseuille Reynolds number
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approving it for publication was Yunjie Yang .

Rea Perturbation Reynolds number
ω Angular velocity [rad/s]
v Average rotational linear velocity [m/s]
vc Circumferential linear velocity [m/s]
vr Mean radial velocity [m/s]
va Axial velocity [m/s]
ξ Flow factor
A Flow area [m2]
S Contact circumference [m]
X The critical Reynolds number correspond-

ing to the Rea
01, 02 Periodic boundary condition

I. INTRODUCTION
In 1979, Gabriel first proposed the spiral groove dry gas
seal (S-DGS) based on the hydrostatic and hydrodynamic
principle in [1]. Since then, many scholars in [2]–[5] have
analyzed the performance of this structure using numerical
and computational fluid dynamics methods. The quality of
dry gas seal (DGS) performance analysis largely depends on
the scientific definition of the flow regime of the microscale
rotating flow field between the seal pairs. Typically, accord-
ing to [6], [7], such a flow regime is mainly divided into
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laminar and turbulent flow and determined as a function of
the medium density, viscosity, hydraulic diameter, and flow
velocity. The decision method based on the critical Reynolds
number (Pipe model) for the pipe flow has been widely
accepted, though the dry gas seal is a rotating flow field. The
reasonable decision method of a microscale rotary flow field
of DGS plays an important role in scientifically determining
the hydrodynamic behavior.

In the calculation of a rotating flowfield,many studies such
as [8], [9] have been limited because of the lack of theoretical
models or methods to accurately determine the flow regime.
However, authors in [10], [11] have studied the characteristics
of the DGS rotating flow field under different flow regimes.
The results highlight significant variations in sealing charac-
teristic parameters in the flow regime transition. The results
tend to agree that the calculation of a turbulent regime will
overestimate the peak value of the gas film pressure.

At present, it is still controversial whether the flow regime
of a DGS rotating flow field is laminar or turbulent flow.
When the inlet pressure is approximately 0.5 MPa and the
maximum rotation speed is approximately 10000 rpm, schol-
ars in [12], [13] tend to believe that the laminar regime is
more consistent with the actual flow field. However, when
the pressure is approximately 4.5MPa, some scholars in [14],
[15] suggest that the actual flow field is near the turbulent
regime. Generally speaking, according to [16], [17], most
studies have been conducted for a laminar flow in the film.
Very few workers have been concerned with seals operating
in the turbulent flow regime.

In [18], Brunetiere presented a flow factor method (Oval
model) to determine pressure and velocities for laminar to
turbulent isothermal flow in the mechanical seal interface.
An original technique was proposed to characterize the fluid
flow regime in the film while simultaneously considering
the Couette and Poiseuille flows. Subsequently, scholars in
[19], [20] have used this model to determine the flow regime
between DGS pairs. However, although this model is more
accurate than the Pipe model, the results are still inclined
to support the conclusion of a laminar regime, even when
conditions reach ultra-high speed.

In view of this, the Ellipsoid model was established
based on a three-dimensional velocity component in this
study. The circumferential, radial, and axial velocity com-
ponents on DGS macro performance were investigated and
the model was verified by analyzing the rotating flow
field of the DGS under different geometric and operational
parameters. The model is of benefit to further scientific
research regarding DGSs and similar high-speed impeller
equipment.

It is challenging to develop a comprehensive model that
accurately reflects flow regime such that scientific theoretical
calculations can be conducted. Addressing this challenge is
the primary concern of this work presented. The objectives
of this work can be summarized as follows:
• Characterization and modeling of flow regime and its
transition in terms of macroscopic sealing performance,

FIGURE 1. Pipe flow decision model (Pipe model).

microscopic flow field characteristics, and three-
dimensional velocity component;

• Development of an Ellipsoid model of space, based on
the Brunetiere et al. model and the hydraulic diameter
model defined in terms of the Reynolds number, and
demonstration of its plausibility;

• Highlighting the importance of the axial velocity com-
ponent in governing the flow regime of a DGS rotating
flow field at high speed.

II. EXISTING FLOW REGIME DECISION MODEL
A. PIPE FLOW DECISION MODEL
The Reynolds number (Re) represents the ratio of inertial
force and viscous force in a flow field and is a dimensionless
number used to determine the flow state of a viscous fluid.
Formulated by O. Reynolds in 1883, it was expressed in the
following manner:

Re =
ρUL
µ

(1)

where ρ, U , and µ represent the medium density, pipe flow
velocity, and viscosity, respectively, and L is the characteristic
length. For example, if fluid flows through a circular pipe, L
is the equivalent pipe diameter. Re can be used to distinguish
laminar from turbulent flow: A small Re value means that
the viscous force affects the flow field more than the inertial
force. In this case, the disturbance of velocity in the flow
field will be attenuated by the viscous force and the flow
regime is considered laminar flow. In contrast, when Re is
large, thus indicates that the flow is unstable. At this point,
increasing velocity tends to develop, enhance, and eventually
form a turbulent, irregular flow field. When studying the
flow field parameters of a DGS, scholars in [21], [22] have
directly chosen (1) for the flow regime analogy analysis:U is
analogous to the average rotation linear velocity v (as shown
in (2)) and L to the gas film thickness h.

ν =
N × π × 2

( ro+ri
2

)
× 10−3

60
(2)

where N , ro, and ri represent the rotation speed, outer and
inner radius of the seal ring, respectively. The calculation
parameters were selected from Gabriel’s classic in [1]: ρ =
1.29 kg/m3, µ = 1.86 × 10−5 Pa·s, h = 3.05 µm, and N =
10380.8 rpm. Using (1) results in a Re = 15.65.

Fig. 1 shows the flow regime decision model (Pipe model)
in pipe flow. When Re 5 2300, it is a laminar regime; when
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FIGURE 2. Flow factor decision model (Oval model).

Re is between 2300 and 4000, it is a transitional regime, and
when Re > 4000; it is a turbulent regime. According to the
Pipe model, the aforementioned result (Re= 15.65) is still far
less than 2300 even if the rotation speed reaches 1 × 106 rpm
(Re = 1565). At such a ultra-high speed, the decision result
of the model is still laminar flow, so the the accuracy of the
method to directly determine the flow regime of the rotating
flow field based on the Pipe model is debatable.

B. FLOW FACTOR MODEL
Referring to Brunetiere’s decision method of a rotating flow
field of a mechanical seal in [18], this method is based on the
flow factor ξ , which is defined as follows:

ξ =

√(
Rec
1600

)2

+

(
Rep
2300

)2

Rec =
ρvcL
µ

Rep =
ρvrL
µ

(3)

where Rec and Rep are Reynolds numbers for the circumfer-
ential flow of Couette and the radial Poiseuille flow, respec-
tively. vc is the circumferential linear velocity of the end
face and vr is the mean radial velocity across the film. The
geometric model corresponding to (3) can be represented by
the Oval model with two equal-eccentricity ellipses, as shown
in Fig. 2. It is stipulated that when ξ < 9/16, the fluid is in
a laminar regime; when 9/16 5 ξ 5 1, it is in a transitional
regime; andwhen ξ > 1, it is in a turbulent regime. According
to the results in [23], the maximum velocity vmax and radial
velocity components vr in the flow field can be directly
obtained by Fluent software, and then the circumferential
velocity components vc can be obtained by formula v2max =

v2r + v
2
c . Under the calculation parameters in this paper, when

N = 10,380.8 rpm, the calculated vmax and vr are about
148.17 m/s and 98.05 m/s, respectively. So the corresponding
vc = 111.09 m/s can be obtained. By substituting this into
(3), it can be obtained that Rec = 23.5, Rep = 20.74, and
ξ = 0.017� 1, which can be determined as laminar regime.
It can be seen that the Oval model considering both the
circumferential Couette flow and radial Poiseuille flow is
more accurate than the Pipe model and can actually reflect

FIGURE 3. Relation between rotation speed and flow constant
(ξ1: h = 5µm, hg = 5µm, Pin = 2MPa; ξ2: h = 4µm, hg =2µm, Pin =
2MPa; ξ3: h = 4µm, hg = 5µm, Pin = 3MPa).

TABLE 1. The critical speed corresponding to the two models.

the influence of pressure gradient and rotation factors in the
rotating flow field.

Further research showed that, even at different film thick-
nesses, groove depths, and pressures, the increase in rotation
speed has a basically linear relationship with flow factors as
shown in Fig. 3. Through the fitting calculation of the afore-
mentioned parameters, it can be known that the turbulence
condition (ξ ≈ 1) can only be reached theoretically when the
rotation speed N reaches 6 × 105 rpm(critical speed), and
the critical speed corresponding to the Pipe model can be
obtained by the same method, as shown in Table 1. Although
the critical speed of the Oval model is much lower than that
of the Pipe model, it is still at a high speed.

III. PROBLEM BACKGROUND
A. DISCOVERY OF MACROSCOPIC DISTURBANCE
PHENOMENON AT HIGH SPEEDS
Through a systematic study of DGS performance parameters,
Wang et al. [24] found that, similar to the micro-vibration
phenomenon of gas bearing, the opening force and leakage
rate of DGS are not positively correlated to rotation speed; the
representative trend is shown in Fig. 4 (The numerical model,
geometric parameters and boundary conditions are consistent
with this paper).

As can be seen, both the opening force and leakage rate
have two inflection points with the continuous increase in
rotation speed. Further research also found that, particularly
at a high pressure and with a large film thickness and small
groove depth, the disturbance phenomenon (non-positive cor-
relation between performance parameters and rotation speed)
is more significant. The reason for this may be that with
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FIGURE 4. Macroscopic parameter variation rule of a DGS at different
rotation speeds (h = 5µm, hg = 5µm, Pin = 2MPa).

FIGURE 5. Evolution of a microscale three-dimensional velocity field
(h = 5µm, hg = 4µm, Pin = 2MPa).

the change in specific operational and geometric parameters,
some uncertain fluctuation factors appear in fluid flow at
a microscale. Furthermore, with the continuous increase in
the rotation speed, the relationship between the macrosealing
performance parameters and the rotation speed returns to a
positive correlation. This indicates that there must be some
favorable factors in themicrocosmic flowfield to promote the
dynamic pressure effect at this time, and then themacroscopic
phenomenon of increasing opening force and increasing leak-
age rate appears.

B. DISCOVERY OF AN AXIAL VELOCITY COMPONENT AT
HIGH SPEEDS
In view of the fluctuation of macroscopic performance
parameters at high speeds, our research group further ana-
lyzed the evolutionary mechanism of the microscopic veloc-
ity field with the increase in rotation speed. As shown
in Fig. 5, the variation trend of the three-dimensional velocity
flow field composed of circumferential, radial, and axial
component directions with the rotation speed was analyzed.
In the rotating flow field, the circumferential velocity com-
ponent has the largest magnitude and basically a linear rela-
tionship with the increase in rotation speed, followed by
the radial velocity component. The difference is that, with
the increase in rotation speed, the radial velocity component

FIGURE 6. Diagram of S-DGS.

shows an obvious fluctuation phenomenon. This indicates
that there is a critical point for the effect of rotation speed on
the radial velocity component. Before and after the critical
point, the increase in rotation speed has the opposite effect
on the radial velocity component. The most important fea-
ture is the change mechanism of the axial velocity compo-
nent: the magnitude of the axial velocity component is the
smallest and can be basically ignored. It increases slowly
with the increase in rotation speed, but when the rotation
speed continues to increase and reaches the macroscopic
critical value (that is, when the performance parameters and
the speed of the inverse proportional relationship, as shown
in Fig. 5, about 9.2× 104 rpm), the axial velocity component
will rapidly increase to an order of magnitude that can no
longer be ignored.

Therefore, by referring to the Oval model, it can be inferred
that the role of the axial velocity component should also
be considered at a high rotation speed as the axial velocity
component may be caused by the unsteady flow of fluid at
this speed. The specific mechanism is elaborated in detail in
the following.

IV. BASIC ASSUMPTIONS AND CALCULATION MODEL
To systematically explain the condition of the macroscopic
disturbance phenomenon and its internal relation with the
mesoscopic flow field, the geometric parameters of S-DGS
in [1] were selected as the modeling basis and systematically
studied, as shown in Table 2 and Fig. 6.

A. BASIC ASSUMPTIONS
For the numerical analysis, several assumptions in [25], [26]
were employed as follow
• The medium between the sealing pairs is in a fluid
friction state and can form a stable gas film.

• There is no relative slip condition at the interface.
• The effect of sealing end surface roughness is not con-
sidered.

• The influence of temperature and pressure on viscosity
is ignored.

• The gas between the sealing pairs has the characteristics
of a continuous medium and can be regarded as such.

52666 VOLUME 8, 2020



Y. Wang et al.: Microscale Flow Field Analysis and Flow Prediction Model Exploration of DGS

TABLE 2. Parameters used during the systematically is.

• The fluid in the gas film obeys the isothermal and ideal
gas model.

• Both the rotating and stationary rings are rigid bodies.
• The inertial force and blocking effect are not considered.

Study in [2] shows that the performance parameters of dry
gas seal are easily affected by the slip flow effect at low
speed (5500 rpm) and low pressure (50.303 MPa). The slip
flow effect results in the decrease of opening performance
and the increase of leakage. In view of the high speed and
high pressure conditions in this paper, the influence of slip
flow can be ignored. Furthermore, the fluid-solid coupling
effect is mainly based on the consideration of the thermal
deformation of the sealing ring. In order to simplify the flow
field calculation, the influence of this factor is not considered
temporarily.

The results in [18] on fluid film of mechanical seals show
that inertial terms remain insignificant in the majority of the
cases studied. Moreover, the density of gases is much lower
than that of fluids. Hence, it seems reasonable to neglect
inertial forces even at high speeds.

The blocking effect occurs when the gas velocity reaches
supersonic, which causes the outlet pressure of the sealed
gas to rise, thereby affecting the opening force. Study in [27]
shows that when the pressure is 10MPa and the rotation speed
is 5× 104 rpm, the blocking effect reduces the opening force
by 6% and leakage by 70.7%. However, when the pressure is
5 MPa and the rotation speed reaches 2× 105 rpm, the open-
ing force increases by only 4% and the leakage increases by
only 8%. It can be seen that, compared to the operational
conditions in this study (the highest speed was 1.2× 105 rpm
and the maximum pressure was 4 MPa), the blocking effect
can be ignored.

B. NUMERICAL MODEL
To further study the internal evolution law of a microscale
flow field, when the specific flow regime of the DGS rotating
flow field is uncertain, laminar and turbulent regimes are,
respectively, selected for analysis.

The continuity equation under the steady state flow of
axisymmetric condition is stated by (4)

∂

∂r
(ρrVr )+

∂

∂z
(ρrVz) = 0 (4)

The Navier-Stokes equation applicable to a thin fluid
film, including circumferential, radial and axial directions,
is shown as (5).

Vr
∂Vr
∂r
+ Vz

∂Vz
∂z
−
V 2
θ

r
= −

1
ρ

∂P
∂r
+

1
ρ

∂

∂z

(
µ
∂Vr
∂z

)
Vr
∂Vθ
∂r
+ Vz

∂Vθ
∂z
−
VθVr
r
=

1
ρ

∂

∂z

(
µ
∂Vθ
∂z

)
1
ρ

∂P
∂z
= 0

(5)

Reynolds average method is a common method to study tur-
bulence. This paper uses Reynolds average method to solve
Navier-Stokes equation and describe turbulence regime.
In view of the high computational accuracy of RNG (renor-
malization group) method and the better simulation effect
of strong curl flow field than other methods, the RNG k-ε
turbulent model was adopted. This model was established in
[28] by Yakhot and Orzag and is applicable to a low Reynolds
number as shown in (6) and (7).

∂ (ρk)
∂t
+
∂ (ρkui)
∂xi

=
∂

∂xj

[
αkueff

∂k
∂xj

]
+ Gk + ρε (6)

∂ (ρk)
∂t
+
∂ (ρεui)
∂xi

=
∂

∂xj

[
αkueff

∂k
∂xj

]
+
C∗1ε
k
Gk + C2ερ

ε2

k
(7)

where, the relevant parameters and specific values are as
follows:

µeff = µ+ µi,

µi = ρCµk2/ε,

Cµ = 0.0845, αk = αε = 1.39,

C∗1ε = C1ε −
η (1− η/ηo)
1+ βη3

C1ε = 1.42,

C2ε = 1.68, η =
(
2Eij · Eij

)1/2 k/ε,
Eij = 0.5

(
∂ui
∂xj
+
∂uj
∂xi

)
,

ηo = 4.377, β = 0.012

According to [10], the opening force can be calculated from
expression as shown in (8).

Fo =
∫∫
A

pdA =
∫ ro

ri
2π p (r, θ) rdr (8)

Confirm the continuity hypothesis according to the previous
part, the leakage rate of the DGS can be computed as

Q =
h3r

12µpi

∫ 2π

0

∂p
∂r
pdθ (9)
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FIGURE 7. Mesh generation.

FIGURE 8. Geometric structure of spiral groove.

C. GRID AND BOUNDARY SETTINGS
The three-dimensional DGS model is characterized by a ratio
of the sealing radial direction to the film thickness greater
than 10,000 times, which is difficult in generating grids and
can readily cause distortion in the calculation. In this study,
the method of successive stretching of a grid was adopted
to better address the problems of grid division and boundary
condition setting. The groove and film regions were divided
into six and ten layer meshes, respectively. The grid model
(horizontal magnification of 10,000 times) is shown in Fig. 7.

In [2], [29], there are two kinds of boundary conditions, i.e.
mandatory pressure boundary conditions and periodic bound-
ary conditions. The outer diameter position of the groove inlet
was the high-pressure side, represented by Pout , which was
the external variable pressure. The inner diameter position of
the groove outlet was the low-pressure side, represented by
Pin, which was the constant atmospheric pressure.
Because the distribution of spiral grooves is periodic

and symmetrical, the spiral groove area within a cycle was
selected for the modeling and calculation, as shown in Fig. 8.
The boundary conditions in the calculated region were con-
sidered as follows:

The pressure at the symmetric boundary01 and02 is equal:{
p |01 = p |02
p
(
θ + 2π/Ng

)
= p (θ)

(10)

According to the mass flow conservation principle, by sym-
metrical boundary 01 and 02 mass flow should be equal:{

q |01 = q |02
q
(
θ + 2π/Ng

)
= q (θ)

(11)

FIGURE 9. Convergence curve.

TABLE 3. Comparison of F under different film thickness.

The solution method is as follows: Fluent 3D single-precision
solver was selected as the solver, SIMPLEC algorithm (the
cross-correction relationship between pressure and velocity
is used to enforce the conservation of mass and obtain the
pressure field) was used for pressure and velocity coupling,
central difference scheme was used for dispersion term dis-
crete format, and second-order upwind scheme was used for
convection term discrete format to improve the accuracy of
calculation results. The iterative accuracy of the model was
set as 1 × 10−5. The resulting convergence residual curve is
shown in Fig. 9.

V. SIMULATION ANALYSIS
A. SIMULATION CALCULATION CLOUD MAP
Fig. 10 shows the pressure distribution and velocity distri-
bution of the S-DGS with two flow regimes. It can be seen
clearly from the cloud map, the pressure and velocity dis-
tributions have some deviation under different flow regimes.
Under the parameters studied, the pressure in the turbulent
regime is slightly higher than that in the laminar regime
(2.583 MPa > 2.341 MPa), and the velocity in a laminar
regime is slightly higher than that in a turbulent regime
(108.6 m/s > 97.93 m/s). It is obvious that the specific pres-
sure and velocity values of the two flow regimes are related
to the selection of specific parameters. This is consistent with
the following research and analysis conclusions.

B. VERIFICATION OF SIMULATION METHOD
In order to verify the numerical simulations, the parameters in
[14], [30] were selected for calculation. The opening force F
was taken as the target parameter and the compared values
are shown in Table 3.
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FIGURE 10. Pressure and velocity distribution with different flow regimes (Pin = 2 MPa, h = 3 µm, hg = 4 µm, N =
1× 104 rpm); (a) Pressure distribution in the laminar regime; (b) Pressure distribution in the turbulent regime;
(c) Velocity distribution in the laminar regime; (d) Velocity distribution in the turbulent regime.

As presented in Table 3, the opening forces obtained from
the numerical methods in this study are in good agreement
with the values in the literature for different film thicknesses.
The maximum deviation is within 3%, and the variation trend
with film thickness is also found to match closely with the
literature.

C. MACROSCOPIC DISTURBANCE PHENOMENON
1) UNDER DIFFERENT PRESSURES
Fig. 11(a) and (b) show the change trend of opening force
and leakage rate of two flow regimes under different pres-
sures, respectively. As can be seen, when the rotation speed
is low, the opening forces of the two flow regimes under
different pressures are basically the same and the leakage
rate of the laminar regime is slightly higher than that of
the turbulent regime. With an increase in pressure and rota-
tion speed, the macroscopic performance difference between
two flow regimes is increasingly obvious and gradually
increases. In terms of macroscopic disturbance phenomenon,
the decreasing trend of the opening force and leakage rate
in the turbulent regime occurs earlier than that of the laminar
regime. In other words, macroscopic performance parameters

show a weak inflection point phenomenon in the turbulent
regime.

It can be seen that the higher the pressure and rotation
speed, the more obvious the influence of disturbance factors
on the opening force and leakage rate.

2) AT DIFFERENT FILM THICKNESSES
Similar to the pressure, it can be seen from Fig. 12 that the
change in film thickness has an obvious influence on the
opening force and leakage rate and the law of action under
the two flow regimes is basically the same. The leakage
rate in the laminar regime is always greater than that in the
turbulent regime; the difference with an increase in speed also
increases. In the laminar regime, the opening force continues
to increase with the increase in rotation speed and the smaller
the film thickness, the larger the growth amplitude. In the
case of the turbulent regime, the opening force shows the
fluctuation trend of upward, downward, and upward. At this
time, the inflection point is obvious, and the leakage rate also
shows a corresponding fluctuation trend. However, in terms
of the overall trend, the larger the film thickness, the more
obvious the fluctuation range.
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FIGURE 11. Performance comparison of two flow regimes under different
pressures (h = 5µm, hg = 4µm); (a) effect of pressure change on opening
force; (b) effect of pressure change on leakage rate.

3) AT DIFFERENT GROOVE DEPTHS
As shown in Fig. 13, when the groove depth changes, the
laminar regime is greater than the turbulent regime in terms of
leakage rate. However, the opening force changes are slightly
more complex and obviously affected by groove depth. The
deeper the groove depth, the smaller the fluctuation of the
opening force in the turbulent regime and the smaller the dif-
ference with the corresponding opening force in the laminar
regime. Further analysis shows that when the groove depth
is shallower and the rotation speed is higher, the fluctuation
amplitude of the performance parameters in the turbulent
regime is larger and the fluctuation trend is more obvious.

In summary, the fluid flow at a microscale of DGS is
complex and the influence rule of the laminar and turbulent
regimes on the sealing performance parameters is basically
the same. The differences are mainly reflected in the slight
differences in specific values and the phenomenon ofmultiple
inflection points of performance parameters in the turbulent
regime.

D. INHERENT RELATION BETWEEN THE MESOSCOPIC
FLOW FIELD AND MACROSCOPIC DISTURBANCE
PHENOMENON
To obtain the inherent relation and regularity between
the macroscopic characteristics of sealing performance and
the mesoscopic flow field, the macroscopic performance

FIGURE 12. Performance comparison of two flow regimes at different
film thicknesses (Pin = 2MPa, hg = 4µm); (a) effect of the film thickness
change on the opening force; (b) effect of the film thickness change on
the leakage rate.

parameters (opening force and leakage rate) and the meso-
scopic velocity components were subject to the same rota-
tion speed change for comparative analysis. Considering the
obvious disturbance phenomenon under turbulence, the study
mainly focused on the RNG turbulent regime. Meanwhile,
given the linear relationship between circumferential velocity
and rotation speed, the axial and radial velocity components
were selected as the research objects in the mesoscopic flow
field.

Fig. 14 shows the comparison results of the macroscopic
performance parameters and corresponding velocity compo-
nents based on the turbulent regime at different film thick-
nesses. It can be seen that the larger the film thickness,
the more significant the fluctuation trend of the macro perfor-
mance parameters when the rotation speed changes. The vari-
ation trend of the leakage rate and radial velocity component
under different working conditions is basically the same and
their inflection point (the abbreviation in the figure is IP1 and
IP2) values are also real-time and one-to-one corresponding,
indicating that the change in leakage rate is an immediate and
macroscopic reflection of the radial velocity component and
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FIGURE 13. Performance comparison of two flow regimes at different
groove depths (Pin = 2MPa, h = 5µm); (a) effect of the groove depth
change on the opening force; (b) effect of the groove depth change on
the leakage rate.

the latter is also a direct internal factor of the change in the
former. Compared to the instantaneous feedback relationship
between leakage rate and radial velocity, the evolutionary
relationship between the opening force and axial velocity
component is not completely consistent but both tend to
increase with the increase in rotation speed.

Notably, the axial velocity component will suddenly
increase during the process of a continuous increase in the
rotation speed and the mutation point corresponds to the
rotation speed of the macroscopic second inflection point
(N = 9× 104 rpm). This result shows that the axial velocity
component can better reflect the fluctuation of the entire flow
field, namely when the axial velocity component increases to
a certain value or mutate, it suggests that the entire flow field
has undergone significant fluctuations, such as transitions,
vortexes, and other phenomena.

VI. ROTATING FLOW REGIME DECISION MODEL
A. MATHEMATIC MODEL
The aforementioned research shows that the fluid flow in the
high-speed rotating flow field is very complex and the influ-
ence of the axial velocity component must be considered in

FIGURE 14. Comparative analysis of the macroscopic performance and
mesoscopic velocity components at different rotation speeds (Pin =
2MPa); (a) h = 4µm, hg = 4µm; (b) h = 5µm, hg = 4µm; (c) h = 5µm,
hg = 5µm.

the analysis of the flow regime. Based on the two-dimensional
parametric Oval model of the flow factor, and according to
the internal logical relation and evolutionary law of distur-
bance generation and axial velocity components, an ellipsoid
decision model of three-dimensional velocity components
considering circumferential, radial, and axial directions is
proposed as follows:

λ =

√(
Rec
1600

)2

+

(
Rep
2300

)2

+

(
Rea
X

)2

(12)
Rec =

ρvcLHc
µ

(13a)

Rep =
ρvrLHp
µ

(13b)

Rea =
ρvaLHa
µ

(13c)
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FIGURE 15. Hydraulic diameter calculation model: (a) circumferential
model, (b) radial model, (c) and axial model.


LHp = 4

Ap
Sp
= 4π2rmh2π2rm

= 2h (14a)

LHc = 4
Ac
Sc
= 4Bh2B = 2h (14b)

LHa = 4
Aa
Sa
= 4

π
(
r2o−r

2
i

)
2π(ro+ri)

= 2B (14c)

As shown in (12), compared with the 2D flow factor deci-
sion model, the 3D Ellipsoid model not only includes the
Rec and Rep of the Reynolds number when Couette shear
flow and Poiseuille radial pressure flow are considered sepa-
rately, but also considers the influence of Rea of the Reynolds
number when axial flow is considered. Series (13) are shown
as the calculation models corresponding to three kinds of
Reynolds Numbers. The definition of characteristic size L is
very important for themodel. According to the basic principle
of hydromechanics, the hydraulic diameter LH is selected as
the characteristic size in each Reynolds number model, and
the specific expression is 4 times of the ratio of the cross
section area A to the cross section circumference S, as shown
in series (14).

Fig. 15 (a) and (b) respectively show the hydraulic
diameter calculation models of circumferential and radial
velocity components, which are one-to-one corresponding
to 15(a) and (b). Where, B is the width of the sealing ring,
and rm is the average radius of the calculated region.
In (12), we can regard Rea as the Perturbation Reynolds

number, whose value is undetermined, and X is the critical
Reynolds number corresponding to the undetermined Rea.
For a DGS, the axial velocity component here is along the

FIGURE 16. Rotating flow field three-dimensional decision model
(Ellipsoid model).

TABLE 4. Orthogonal test factor table.

TABLE 5. Validation group (post-transition).

direction of the gas film thickness, which can be analogous to
a pipeline model. According to the theory of fluid mechanics,
X can be taken as the critical turbulent Reynolds number
4000, as shown in Fig. 15 (c).
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TABLE 6. Validation group (pre-transition).

B. MODEL DESCRIPTION
According to (12), the corresponding decision model is a spa-
tial isometric ellipsoid, as shown in Fig. 16, where λ < 9/16
denotes a laminar regime, λ > 1 denotes a turbulent regime,
and 9/16 ≤ λ ≤ 1 denotes a laminar to turbulent transitional
region in which the disturbance factor in the flow field begins
to appear.

C. MODEL VERIFICATION
In conclusion, the decision model is an ellipsoid space area.
To test and verify the correctness of the model, the theoretical
basis is as follows: On the one hand, there is no immediate
correspondence between the generation of turbulence and
macroscopic parameters such as opening force and leakage
rate in the rotating flow field. On the other hand, if there is
an inflection point for the opening force or leakage rate, then
the condition is considered to have completed transition, i.e.
the corresponding Ellipsoid model is λ >1.
Based on this, the verification is divided into two parts: a

pre-transition (λ < 1) verification and post-transition (λ > 1)
verification. To render the verification results more reliable,
a multi-factor problem verification scheme was established
using an orthogonal test method, making the verification
scheme more random. The detailed parameters are shown
in Table 4.

According to Table 4, a total of 16 parameter groups can be
obtained, as shown in Table 5. To ensure that the verification
of the decision model covers the whole transition process,
the rotation speed starts from 1000 rpm at the lowest and
reaches to 1.0 × 105 rpm at the highest.
The expected results are summarized as follows:
At a low rotation speed (much lower than the inflection

point value, i.e. before the transition), the corresponding cal-
culation value should be located on the λ < 1 side.

The appearance of an inflection point indicates that a tran-
sition has occurred. At this point, the calculation value should
be on the λ > 1 side (it is typically much greater than 1).

If the verification results are consistent with the aforemen-
tioned conclusions, the accuracy of the Ellipsoid model can
basically be verified.

All the operational conditions shown in Table 5 have
macroscopic inflection points, indicating that a transition has
occurred, and the decision values are all greater than 1, which
is consistent with the expected results.

Similarly, at a relatively low speed (N ≤ 9 × 103 rpm),
a validation was conducted based on the same parameter.
Theoretically speaking, at this time, there was no fluctuation
in the macroscopic performance and mesoscopic flow field,
that is, a transition did not occur; thus, the decision value
should be less than 1. As shown in Table 6, the decision
values calculated according to the Ellipsoid model are all
less than 1 and the verification results are completely in line
with the theoretical expectations. Based on this, it can be
basically verified that the Ellipsoid model has good accuracy
in determining the rotating flow field flow regime.

VII. CONCLUSION
To accurately determine the flow regime of a DGSmicroscale
rotating flowfield, this study introduced a newmethod (Ellip-
soid model) based on a three-dimensional velocity compo-
nent. The new model is based on the Pipe and Oval models
but is more accurate than both.

The conclusions are as follows:
• The high operational condition of the DGS and the
existence of a groove, dam, and weir result in an internal
rotating flow field that is extremely complex. The tra-
ditional critical Reynolds number or flow factor cannot
accurately determine the flow regime of a DGS flow
field.

• The choice of a laminar or turbulent regime has great
influence on the specific value of the sealing perfor-
mance, but little influence on the variation trend and
regularity of the related parameters.

• There are circumferential, radial, and axial velocity
components in the rotating flow field at the same time.
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The influence of the axial velocity component should be
considered when the rotation speed is high. A continu-
ous increase in the rotation speed will lead to a sharp
increase in the axial velocity component in the flow
field, which is the main factor leading to large fluctu-
ations or inflection points in the macroscopic sealing
performance (opening force and leakage rate).

• The Ellipsoid model can be used to determine the DGS
flow regime and similar high-speed rotating flow fields
and it agrees well with the actual situation.
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