[Finiel applied (s
1 sciences

Article
One-Dimensional Computation Method
of Supercritical CO:2 Labyrinth Seal

Yuming Zhu 12, Yuyan Jiang 2*, Shiqiang Liang 2, Chaohong Guo 2, Yongxian Guo !
and Haofei Cai 12

! Institute of Engineering Thermophysics, Chinese Academy of Sciences, 11 Beisihuanxi Rd,

Beijing 100190, China; zhuyuming@iet.cn (Y.Z.); liangsq@iet.cn (S.L.); guochaohong@iet.cn (C.G.);
guoyongxian@iet.cn (Y.G.); caihaofei@iet. cn (H.C.)

2 School of Engineering Science, University of Chinese Academy of Sciences, No.19 (A) Yuquan Road,
Shijingshan District, Beijing 100049, China

* Correspondence: yyjiang@iet.cn

Received: 11 July 2020; Accepted: 15 August 2020; Published: 20 August 2020

Abstract: An actual one-dimensional(1-D) computation method for a labyrinth seal is proposed.
Relevant computation hypotheses for the 1-D method are analyzed and the specificity of internal
flow in an SCO: (supercritical COz) labyrinth seal is explored in advance. Then, the experimental
correlation discharge coefficient and the residual kinetic energy coefficient used in SCO: labyrinth
seals are proposed. In addition, the speed of sound in two-phase flow is corrected in the 1-D method.
All recent experimental results of the SCO: labyrinth seal are sorted out and the latest experimental
results of a stepped-staggered labyrinth seal are proposed to verify the accuracy and applicability
of the 1-D method. Finally, the sealing efficiency of the SCO: labyrinth seals are analyzed using the
1-D method.
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1. Introduction

At present, a large number of studies indicate that the supercritical CO2(SCOz) Brayton cycles
may achieve much higher cycle efficiency than that of the Rankine cycle over a wide temperature
range of heat sources with compact components, resulting in a significant decrease of generation costs
[1-3]. The critical pressure of CO: is 7.38 MPa and the maximum pressure of a cycle may be up to 20
MPa, so the SCO: compressor’s operational pressure is much higher than that of a traditional air
compressor. Meanwhile, the viscosity of SCOz is close to that of air, and the density of SCOzis close
to that of water, which may lead to a much thinner boundary layer and increase the leakage of the
seal drastically. Hence, the leakage of SCO: in turbomachinery seals not only affects the cycle
efficiency caused by parasitic losses, but also has paramount significance for evaluating the safety of
the system under various working conditions [4].

The labyrinth seal, as one of the most commonly used non-contact seals, is widely employed in
various rotary machines. There are different types of labyrinth seal, such as such as see-through,
stepped, and staggered labyrinth seals. Haomin Yuan studied the see-through labyrinth seal used in
SCO: flow both numerically and experimentally [5]. In the SNL (Sandia National Laboratory) SCO:
Brayton cycle experiment loop, a stepped labyrinth seal was adopted for its compressor [6]. IET-CAS
(Institute of Engineering Thermophysics, Chinese Academy of Sciences) developed a new kind of
stepped-staggered labyrinth seal for its 1 MW SCO: compressor shaft end seal [7]. In terms of
application, the labyrinth seals can be used as the major seal of the shaft end, the assisting seal of dry
gas seals and the seal of the closed centrifugal impeller. Owing to the high power-density and the
small size, tip clearance may lead to a serious decline in the performance, so the SCO: closed
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centrifugal impeller is to have a higher efficiency than that of semi-open impeller [8]. This means that
the SCO: labyrinth seal may be significant in the future design of high-performance SCO:
Compressors.

The labyrinth seal technology was firstly proposed by Parsons [9,10] to solve the sealing
problems in steam turbines. Becker’s study [11] first described the internal flow through the labyrinth
in detail. Martin’s formula (Equation (1)) is the first computation formula to predict the leakage flow
rate through the labyrinth seal, which is based on an isothermal process with negligible velocity in
chamber, and all velocities are to be under sonic velocity in his original work [12].

M

where 71 is the mass flow rate, kg/s, C is the flow discharge coefficient, A is the cross-sectional area
of labyrinth seal, m? R is the ideal gas constant, Po is the upstream pressure, MPa, To is the upstream
temperature, K, Px is the backpressure, MPa, and # is the teeth number.

Stodola assumed that the pressure drops at sealing teeth could be neglected, using Bernoulli’s
equation and the continuity equation [13]. Because it neglects the viscosity and compressibility of a
fluid, it is only suitable for a small pressure difference on both sides of the sealing tooth or a large
number of sealing teeth (n > 4). Egli’s formula improves upon Martin’s formula, and focuses on the
impact of the kinetic energy transport effect on the seal. Therefore, a correction coefficient y was
defined. When y is equal to 1, Egli’s formula is reduced to Martin's formula [14]. Vermes’s formula
is still Martin’s formula in form [15]. A non-adiabatic wall surface and the kinetic energy transport
effect are modified by using an empirical coefficient which is based on boundary layer theory.
Equation (2) is the Vermes formula of a see-through labyrinth seal.
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where m is the mass flow rate, kg/s, C is the flow discharge coefficient, A is the cross-sectional area
of labyrinth seal, m?, R is the ideal gas constant, s is the length of sealing chamber, mm, w is the width
of sealing tooth, mm, and c is the clearance at sealing tooth, mm. Po is the upstream pressure, MPa,
To is the upstream temperature, K, P is the backpressure, MPa, and 7 is the teeth number.

Gaotao Zhu proposed an iterative computation method, which applies to computation in both
subcritical and critical working conditions [16].

However, all the above methods are based on the ideal gas thermodynamic process and can
hardly satisfy the computation requirement of the labyrinth seal of the real fluid, in particular,
supercritical fluid and two-phase fluid.

Recently, along with the application of SCO2becoming the research hot spot, some researchers
are working towards establishing a computational model for the SCO: labyrinth seal. Fan et al.
conducted an experimental study on the flow characteristics of the critical flow of SCOz under
different single round hole structures, which can be seen as the single tooth labyrinth seal, and
summarized empirical formulas (Equation (3)) [17]. Though the formulas are consistent with the
single round hole experimental results, they are hardly used for the labyrinth’s much more complex
sealing structures. Additionally, the empirical formulas of nonlinear fitting applied for modifying the
incompressible seal equation greatly limit the applicability of the model.
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where G is mass flow flux, kg/(m?s); Po is the upstream pressure, MPa; po is the upstream density,
kg/m?3; Per is the critical pressure of CO2, MPa; per is the density at critical point of CO2, kg/m?; Pcis the
choked pressure, MPa.
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Kim et al. modified the traditional computation theory by replacing 8.52 with 1.42 in Equation
(2) according to the experimental data and obtained the computational model of the SCO2 labyrinth
seal, in which CO: was considered as an approximately ideal gas with a compression factor of 1,
resulting in a huge computing error for the two-phase outlet conditions of the model [4]. Therefore,
the model still needs to be further improved, because the outlet condition of the SCO2 compressor
major seals are mostly two-phase state.

Sandeep proposed an isentropic computational model of SCO: in his dissertation, and
introduced a homogeneous flow model to enable the model to compute two-phase outlet conditions
[18]. This model is essentially a zero-dimensional model that only considers the influence of inlet and
outlet conditions and sealing clearance while neglecting that of the internal sealing structure.

In general, there is no accurate computational model that comprehensively considers both the
physical property (including two-phase flow) changes and internal flow characteristics of the SCO2
labyrinth seals. In this study, the flow is reasonably simplified and the equation of state of an ideal
gas is not required for the whole calculation, which means that there is no need to correct the model
for the compressibility of SCOz, so the relevant empirical coefficients in the one-dimensional(1-D)
method, including flow discharge coefficient and kinetic residual coefficient, can be more universally
applicable. In addition, the homogeneous two-phase flow model is introduced, and some essential
computational parameters are modified so that the model can also compute the two-phase outlet
conditions.

Recent experimental results of the SCO2 labyrinth seal are sorted out in this article and the latest
results of the SCO: stepped-staggered labyrinth seal is proposed. The 1-D computation method is
verified with the experimental results of different types of labyrinth seal, such as round-hole, see-
through, and stepped-staggered SCO: labyrinth seals. Finally, the essential sealing performance of
the SCO:labyrinth seals is studied using the 1-D method.

2. 1-D Computation Method

In this section, the 1-D computation method of labyrinth seals is discussed based on the essential
structure of the labyrinth seals as is shown in Figure 1. s and / are the length and height of sealing
chamber, respectively, w is the width of sealing tooth, ¢ is the clearance at sealing tooth, r is the radius
of sealing shaft, and u is the axial velocity of leakage flow.

Main flow direction

 —

Figure 1. The essential structure of the labyrinth seal.
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2.1. Computation Hypotheses

2.1.1. 1-D Flow Hypothesis

Figure 2 shows the steady-state streamlines diagram of the SCO2 see-through labyrinth seal, in
which the red and the blue streamlines represent the main and whirling flows in sealing chambers,
respectively. Although the internal flow of the labyrinth seal is complex and has lots of vortices, the
main flow has an obvious 1-D flow characteristics and directly determines the seal leakage. The
impact of the vortex flow can be considered as a correction coefficient, namely the residual kinetic
energy coefficient 0. In addition, it is well known that the distribution of velocity at labyrinth tooth
is far from 1-D, especially under the influence of a boundary layer, the heterogeneity of leakage flow
in the 1-D model is corrected by flow discharge coefficient C.

Figure 2. Steady-state streamline of a supercritical CO2 see-through labyrinth seal.

The 1-D flow needs to be discretized to facilitate the model. As for the leakage flow at sealing
teeth, the flow experiences a process of expansion. There must be a point where the axial velocity
reaches maximum and the static pressure reaches minimum, and this point is used as the
computational site of the sealing teeth. For the leakage flow at sealing chambers, the main flow is
decelerated by the whirling motion in sealing chambers. There must be a point where the axial
velocity reaches minimum, and this point is used as the computational site of the sealing chambers.
Then, the sealing chambers are represented by 0 to n and the sealing teeth are represented by 0.5 to n
- 0.5. See Figure 3 for details.

———— 0. 1. n-1. n. ——

v v v
0.5. 15. n-1.5. n-0.5

Figure 3. 1-D computation site distribution of labyrinth seal.

2.1.2. Governing Equation

For the overall sealing process, it follows two governing equations: the continuity equation and
the energy equation.
The continuity equation:

(0)=i(0.5) =rm(1) =rm(1.5)=...=m(n—1.5)=rm(n—1)=ri(n—0.5) =rir( n) )

where 1 is the mass flow rate, kg/s.
The energy equation:

hy (1) =hy (0.5)=hy (1) =hy(1.5) =...=h, (n—1.5)=h, (n—1)=h, (n—0.5) = h, (n) )
hy=h+k ©)
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k=t ?)
2
As is shown in Equations (5)—(7), ho is the total enthalpy, J/kg; k is defined as the unit kinetic
energy of the 1-D flow, J/kg; u is the axial velocity, m/s.

2.2. Computational Process

2.2.1. Isentropic Expansion Process

The isentropic expansion process needs to follow two governing equations in Section 2.1.2 and
satisfy the isentropic expansion thermodynamic process equation at the same time. During
computation of the mass flow at the sealing teeth, an estimation formula of the flow discharge
coefficient C needs to be provided based on experimental or numerical simulation results of different
sealing structures and working fluids. It is defined as follows:

c== ®)
u
In Equation (8), u is the average axial velocity at tooth, m/s; u is the axial velocity at tooth
calculated by isentropic process, m/s.
The governing equations of the isentropic expansion process are as follows:

s(n-1)=s5(n-0.5)
hy (n—l)=h(n—0.5)+k(n—0.5)=h00 9)
m(n-0.5)=C(n-0.5)*p(n—0.5)*u(n—-0.5)*A(n—0.5) =,
where ho is the initial total enthalpy, J/kg; s is the entropy, kJ/(kg-K); A is the cross-sectional area of
labyrinth seal, m?;
The isentropic expansion process requires iterative computation. The purpose of iteration is to

adjust the pressure difference of the seal, so that the computed seal leakage is equal to an expected
leakage. Moreover, the specific iteration process is as follows:

i The expected mass flow 7, is provided for computation of labyrinth seal performance;
ii. For the computation site n — 0.5, P (n — 1) has been obtained, and an initial static pressure
difference 6P is provided. In this case, P (1 — 0.5) is determined.

iii. s(n —0.5) is obtained from the governing equation s(n — 1) =s(n — 0.5). Using (P, s) to query the
National Institute of Standards and Technology (NIST) reference fluid thermodynamic and
transport properties database (REFPROP) [19], the thermodynamic states (T, , p, ...) at n — 0.5
can be obtained.

iv. Based on the total enthalpy conservation, the unit kinetic energy k(n — 0.5) at n — 0.5 is
computed, and then the flow velocity at n — 0.5 is obtained. The mass flow rh(n—O.S) is

computed and compared with the expected mass flow 71y, If 7 (n - 0.5) is smaller, the static
pressure is increased by the pressure difference 0P; or if m (n - 0.5) is larger, the provided
static is reduced by the pressure difference 6P.

v. Iteration is performed under the error between nh(n —0.5) and 71y, is within the iterative

error 61 (6m =0.002 kg/s in this study). End the iteration process and enter the computation
process of the computational site n — 0.5 to n.

2.2.2. Isobaric Dissipation Process

The kinetic energy transport effect occurs in the isobaric dissipation process, and has great
impact on labyrinth seal performance. Therefore, an empirical coefficient used to measure the kinetic
energy transport effect is one of the essential parameters to evaluate the labyrinth seal. For the ideal
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labyrinth sealing process, all unit kinetic energy k(n — 0.5) of the main flow that is expanded by the

sealing teeth n — 0.5 is dissipated by the vortex flow in the sealing chamber 7, and the residual kinetic

energy coefficient is 0. However, the kinetic energy of the main flow is not dissipated completely,

and the residual kinetic energy coefficient differs along with different seal forms or different working

fluids in the real sealing process. In this study, the unit kinetic energy k of the main flow is used to

represent the residual kinetic energy coefficient 0 to measure the kinetic energy transport effect,
which is defined as follows:

u’ (n)
gzﬂ = 2/,
k(n—0.5) u”(n-0.5)
2

The governing system of the isobaric dissipation process are as follows:
P(n—0.5)=P(n)
k(n) =0(n)-k(n—0.5) (11)
h(n)+k(n) = hy,

(10)

Using computational fluid dynamics (CFD) or experimental data, the estimation formula of the
residual kinetic energy coefficient 0 is sorted out, and the static enthalpy k() in the sealing chamber
is computed. The thermodynamic state (T, k, p, ...) in the sealing chamber n can be obtained by
inquiring the NIST physical property database of a real fluid with (P, h).

2.2.3. Overall Performance Computation of Labyrinth Seal

After completing the iteration computation from the computational site 7 — 1 to n — 0.5 and the
computational site computation from n — 0.5 to n, the computation process of a sealing unit (including
a sealing chamber and tooth) is completed. If there is a sealing tooth n+0.5 behind the sealing chamber
n, the computation processes listed in Sections 2.2.1 and 2.2.2 are repeated until computations of all
sealing units are completed. An outlet pressure of the last sealing unit is Pos. Then, for a given

expected flow 7, the pressure ratio of the labyrinth seal is Pout/Po.

The critical flow, also called “choked” flow, is a limiting condition which occurs when the mass
flow rate will not increase with a further decrease in the downstream pressure environment while
upstream pressure is fixed. For homogeneous fluids, the physical point at which the choking occurs
for adiabatic conditions is when the exit velocity is at sonic conditions or at a Mach number of 1. So,
in the 1-D computational method, the critical flow condition is judged by the local Mach number
Ma(i) = u(i)/a(i) at a certain computational site i reaching 1, where the u(i) is the axial velocity and a(i)
is the speed of sound at computational site i. As the 71, increases, the local Mach number Ma(i)

gradually increase. As the local Mach number Ma(i) reaches 1, the iteration process of the overall
performance calculation of labyrinth seal is finished.

Besides, for the requirement of accurate calculation of critical flow in SCO:zlabyrinth seals, the
flow discharge coefficient C under critical condition may increase as backpressure decreases, which
is available in Section 3.1.2.

Figure 4 shows a basic block diagram of the 1-D computation process of the labyrinth seal.
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/ Initial mass flow rate 1, , Iferative precisiond m, Iterative increment 6P /
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Initialization
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Isentropic expansion process calculation
) No
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Isobaric dissipation process calculation
Transfer the calculation parameter
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The last computational site?
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Calculation of integral parameters of seal

Calculate the next mass flow
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4

Get sealing performance curve

End

Figure 4. Block diagram of one-dimensional(1-D) computation process of labyrinth seal.

3. Internal Flow Property of SCO: Labyrinth Seal

Section 2 introduces a 1-D computation method that comprises two characteristic parameters:
flow discharge coefficient C and residual kinetic energy coefficient 8. The effects of different sealing
fluids and geometrical structures on the performance of the labyrinth seal are reflected by C and 0 in
the 1-D computation. At present, there are few studies on the characteristic parameters of the
labyrinth seal with SCO: as the working fluids. This section analyzes the particularity of leakage flow
and tries to provide the correlation of flow discharge coefficient C and residual kinetic energy
coefficient 0 in the SCO: labyrinth seal.

In this section, the see-through labyrinth seal structure (as shown in Figure 5) given in reference
[5] is considered as a reference object. Through the study of the numerical simulation of an internal
flow field of the SCO: labyrinth seal, the internal flow property of the SCO: labyrinth seal is explored
in advance. The details of the numerical method were described in reference [7], which was verified
by the experimental method. Further, to compare the difference of SCO: and air flow in the labyrinth
seal, the numerical study of air is conducted, and it has the same pressure ratio as that of SCO.. Table
1 lists the inlet and outlet boundary conditions of the numerical simulation.
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Figure 5. The structure of see-through labyrinth seal used in Yuan's experiment.

Table 1. The inlet & outlet boundary condition of numerical simulation.

Inlet Pressure (MPa) Inlet Temperature (K) Outlet Pressure (MPa)
SCO: 10 320 7
Air 0.143 273 0.1

3.1. Flow Discharge Coefficient C of SCO: Labyrinth Seal

3.1.1. Particularity of Flow Discharge Coefficient in SCO: Labyrinth Seal

As summarized in Table 2, viscosity of SCO:2 is close to that of air, and the density of SCO:2 is
about 400 times higher. Based on the see-through labyrinth seal in Figure 5 and the definition of
Reynolds (Re) number at sealing teeth (Equation (12)), Table 2 tries to compare Re number at the
second sealing teeth of SCO: and air as working fluid. The Re number of SCO: flow is over 10% and
it is turbulent flow, but the air flow has a Re number less than 2300 and is basically laminar flow. The
internal flow velocity profiles of the two kinds of flows are different. The laminar flow follows a
quadratic parabolic velocity distribution, while the turbulence flow follows the power exponential
distribution, especially when the Re number is about 10° and the power index is 1/7, known as the
Karman-Prandtl’s 1/7th power law, and it was proven by Nikuradse through experiment. So, the
turbulent flow has a higher average axial velocity, and it can be expected that the SCO: labyrinth
seals have a higher flow discharge coefficient than that of air labyrinth seals.

Rezﬁ

P (12)

Table 2. Re number at the second sealing teeth of SCO2 and air as working fluid.

u p . c Re
m/s kg/m? 10-° Pas mm -
SCO:2 90 448 3.2 0.105 132,000
Air 140 1.18 1.8 0.105 964

Based on the Equation (8), the numerical results of the flow discharge coefficient at position I-
III (shown in Figure 5) of the SCO: labyrinth seal are listed in Table 3. Overall, the flow discharge
coefficient of the SCO: working fluid is 15-30% larger than that of the air working fluid.
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Table 3. Flow discharge coefficient of SCO2 and air at different positions.

Position I Position I1 Position III
SCO2 0.718 0.786 0.862
Air 0.68 0.67 0.66

3.1.2. The Correlation of Flow Discharge Coefficient C in SCO: Labyrinth Seal

Suryanarayanan et al. carried out a detailed study on the flow discharge coefficient of traditional
labyrinth seals and obtained the experimental correlation (Equation (13)), in which the application
range is 250 < Re < 15,000, and Equation (13) is much more suitable for uncompressible fluids,
including water and air at a high pressure ratio [20].

0.7757—0.002051@)
C

- 0.2157
44.86(?} (13)

1+ ¢

Re

Though this equation cannot be directly used for the SCO: labyrinth seal for its extremely high
Re number, as shown in Table 2, it can be expected that the C of SCO:labyrinth seals may have a
similar form as Equation (13). Furuichi et al. investigated the discharge coefficient C of nozzle in high
Re number, and It was found that the growth rate of discharge coefficient C is less than 2% when the
Re number increases from 105 to 107 [21], which may be suitable for SCO:labyrinth seals with the same
Re number range. Besides, it is difficult to consider the impact of all factors for the experimental data
of SCO:2 labyrinth seal is limited. So, it is logical to ignore the influence of Re number on the flow
discharge coefficient C when the Re number is 10>-107. Considering the Re number of SCO:labyrinth
seals is far less than 107, the criterion, Re > 1 x 105, should be carefully checked when the 1-D method
is used.

Kim’s single round-hole leakage experiment used a high-pressure tank as the upstream and used
a low-pressure tank as the downstream [4]. The initial condition of high-pressure tank is 13.5 MPa
and 160 °C and the initial condition of low-pressure tank is normal temperature and pressure. As the
valve between high-pressure tank and low-pressure tank is opened, the huge pressure difference
causes critical flow in the beginning. As the pressure of different tanks gradually balances, the leakage
flow turns into non-critical flow in the end and the whole experiment lasted about 210 s as is shown
in Figure 6. The mass flux was obtained by calculating the mass difference of the tank for every
second. So, the uncertainty is severely affected by the measure of temperature and pressure, which
leads to an average uncertainty of +3694.7 kg/m>2. Applying the definition of C to analyze the
experimental results in Figure 6, the variation curve of C with pressure ratio can be obtained in Figure
7. The C increases with the decrease of the pressure ratio when the leakage flow is under critical
condition (pressure ratio < 0.6), and C basically keeps unchanged on the area of non-critical flow. The
experimental results indicated that when outlet pressure is equivalent to atmospheric pressure, the
critical pressure ratio at the outlet reaches the maximum, so does the flow discharge coefficient C.
The single round-hole has the diameter (c) of 1.5 mm and length (w) of 5.0 mm, so the w/c is 10/3 and
a preliminary experimental correlation of C can be obtained, as is shown in Equation (14), which may
not be very accurate due to the uncertainty of measurement.

0.96—0.08(12y Tou <
PP

C= p c e y—=— (14)
0.88,—2%>1
P

c
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Figure 6. The single round-hole leakage experiment results given by Kim.
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Figure 7. The variation curve of C with pressure ratio based on Kim’s experiment.

Fan experimented on SCO: critical leakage flow of single round-hole with different structures,
in which the outlet pressure is atmospheric pressure and Pout/Pc is close to 0, and the critical discharge
flow coefficient is maximum under this condition [17]. Table 4 shows the operation condition and
results where w is the length of single round-hole and c is the diameter of single round-hole. Then,
the experimental results of different w/c were further processed to obtain the variation curve of the
maximum critical C with w/c (Figure 8). As w/c increases, the maximum critical C decreases but
remains unchanged between 0.9 and 0.91 when w/c is more than 5. Then, the correlation of maximum
critical C can be concluded as Equation (15).
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1-0.023()>s Y < 5 »
R (15)
F,

The maximum critical C =

s

0.9059,2 > 5
4

Table 4. The results of single round-hole with different w/c.

w/c_ Inlet Pressure (MPa) Inlet Temperature (°C) Mass Flow Rate (kg/h) Maximum Critical C

1 9.98 494 113.8 0.974
3 9.98 49.4 110.8 0.948
5 10.17 50.1 108.9 0.917
8 10.04 50.1 104.9 0.903
10 9.97 50.7 104.0 0.908
15 9.93 50.9 103.5 0.914
0.99
0984 !
0.97 4!
0.96 4
.}
730‘95-
§0.94-
£ 0934
£
g 092
S i
0.91 4
0904
0894
0.88 T

T T T T T T T 1
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Figure 8. The variation curve of maximum critical C with w/c based on Fan’s experiment.

Equation (14) describes the change rule of flow discharge coefficient C with the pressure ratio
and Equation (15) describes the change rule of maximum critical C with w/c. However, neither
Equation (14) nor Equation (15) can represent the complete correlation of the flow discharge
coefficient C. Combining and extending the Equation (14) and Equation (15), the preliminary
correlation of flow discharge coefficient C for SCO: labyrinth seals is proposed in Equation (16).

1-0.023(2%)057 _0.085( Ly 2 < 5 Lo <
C ])C c })C
09059 -0.085(22), 2 5.5 fou
P
- (16)

0.915-0.023(%)7 ¥ <5 fou
c c P

c

082, 55 Fou
c P

¢
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3.2. Residual Kinetic Energy Coefficient 0 of SCO:2 Labyrinth Seal

3.2.1. Particularity of Residual Kinetic Energy Coefficient © of SCO:2 Labyrinth Seal

Based on the numerical of the see-through labyrinth seals in Figure 5, the streamline diagrams
of the middle sealing chamber using SCO2 and air as working fluids are shown in Figure 9 and Figure
10 respectively. Compared with the air flow, the SCO: flow has smaller viscosity, higher density, and
larger inertia. As a result, the expansion effect of the SCO2 main flow is weak and the vortex flow has
a smaller number of vortices. It can be found that the expansion angle of the SCO2 main flow is smaller
and the kinetic energy transport effect is more obvious, so the residual kinetic energy coefficient 8 of
the SCO:z labyrinth seal may be higher than that of the air labyrinth seal.

nyz1(6m/s)

— ﬁ 14;'

Nl 2
\\ V0

\

Al

Vxyz (m/s)
160

Vo rtex3\ 14

Figure 10. Internal streamline of air as working fluid.

Based on the definition of 0 in Equation (10), it can be computed for the middle sealing chamber.
The results of SCO:z and air flow at the middle sealing chamber are summarized in Table 5. § value
for the SCO2 is about 0.76 and that of air is keep at 0.53. It is worthy of note that the maximum of 0 is
1, which means that no kinetic energy loss occurred in the sealing chamber, and the leakage is
maximum. When the minimum of 0 is 0, which means that all kinetic energy in the seal chamber is
dissipated, the leakage is minimum. Further, Table 5 shows that SCO: is much more difficult to be
sealed in the industrial application.

Table 5. Residual kinetic energy coefficient 6 of SCO2 and air flow at middle sealing chamber.

0 (Middle Sealing Chamber)

SCO2 0.76

Air 0.53
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3.2.2. The Experimental Correlation of Kinetic Residual Coefficient 6

The traditional kinetic transport coefficient is essentially the correction coefficient of leakage
flow, which cannot directly reflect the internal flow of labyrinth seals. The kinetic residual coefficient
is used to characterize the dissipation effect of mainstream flow in the seal chamber in this paper,
which is of direct physical significance and can better demonstrate the physical essence of the flow
in sealing chambers. Nevertheless, the phenomenon described by the traditional kinetic transport
coefficient is identical with the kinetic residual coefficient used in this paper, so the main influencing
factors and the basic form of the empirical equation should be consistent, as is shown in Equation

(17) [22].
2454[%]

y= [1 - 65(5)] Re+ (1 - 65(%))“541(] (17)

According to Sandeep, c/s is the main influencing factor of kinetic transport coefficient [18]. Due
to the limited experimental data, the kinetic residual coefficient is employed for /s fitting in this
paper. The influence of w/c and h/c will be further considered in the subsequent research.

Compared with the flow discharge coefficient, the kinetic residual coefficient is hard to measure
and the experimental results of SCO:z are very limited. In this section, the kinetic energy residual
coefficient is not analyzed in detail, the primary values of the kinetic energy residual coefficient in
SCO:2 labyrinth seals are given in Equation (18). The kinetic residual coefficient 6 for round-hole and
see-through labyrinth seals is obtained by the CFD results in reference [5] and 6 for staggered
labyrinth seals is obtained by the CFD results in reference [7]. Despite this, Equation (18) has a certain
application value considering that there is seldom a correlation of the kinetic residual coefficient 6
for SCOzlabyrinth seals and this will be verified by the available experimental results in Section 4.1.

N

0=

1- 0.04696(
c

0.6745
j » round-hole and see-through labyrinth seals a8)

0.12,staggered labyrinth seals

3.3. Two-Phase Critical Flow in SCO2 Labyrinth Seal

Two-phase and critical flow is one of the typical characteristics of SCO: labyrinth seal and it is
paramount for the 1-D method to the capture the position of the two-phase critical flow. Applying
the isentropic model to calculate the two-phase critical flow. The curve of sealing performance of
round hole is shown in Figure 11 and Table 6, and the round hole structure of Fan’s experiment in
Table 7 is used and the upstream condition is 10 MPa and 323 K [17]. As the outlet pressure decreases,
the mass flow rate attains a peak at 7 MPa where the Ma number is just 0.73. This means that the Ma
number at the maximum isentropic leakage point has not reached 1.
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Table 6. The sealing performance of round hole calculated by 1-D method.

Figure 11. The curve of sealing performance of round hole calculated by 1-D method.

Pout  Mass Flow Rate  Ma Speed of Sound
MPa kg/h m/s
10.00 0.00 0.00 218.09
9.80 34.86 0.15 215.74
9.60 48.88 0.21 213.33
9.40 59.33 0.27 210.84
9.20 67.87 0.31 208.29
9.00 75.15 0.35 205.66
8.80 81.50 0.39 202.97
8.60 87.11 0.43 200.25
8.40 92.10 0.47 197.51
8.20 96.56 0.51 194.77
8.00 100.56 0.55 192.05
7.80 104.14 0.58 189.35
7.60 107.33 0.62 186.62
7.40 110.16 0.66 183.79
7.20 112.63 0.70 180.76
7.00 114.22(max) 0.73<1 179.11
6.80 113.90 0.75 181.31
6.60 113.49 0.77 182.42
6.40 112.94 0.80 183.00
6.20 112.24 0.82 183.27
6.10 111.83 0.84 183.34
6.00 111.39 0.85 183.38
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According to the definition of the Ma number in Section 2.2.3 and the deduction process of the two-
phase speed of sound arwepiese shown Equation (19), the vital point for the computation of two-phase flow

Manumber is the accuracy of 4. and & which is defined by the isentropic change of 6% .
0
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where the subscripts s represents the isentropic process of two-phase flow. The subscripts sg
represents the isentropic process of saturated gas. The subscripts s: represents the isentropic process
of saturated liquid; v is the specific volume of two-phase flow; psand p:are the density of saturated
gas and saturated liquid respectively; a;and a1 are the speed of sound of saturated gas and saturated
liquid respectively; x; is the dryness of two-phase flow, which represents the mass fraction of
saturated gas.

The isentropic model is used to calculate the curve of density with a change of outlet pressure
and inlet temperature (290 K-340 K) in which the inlet pressure is unchanged at 10 MPa. It can be
found in Figure 12 that when the outlet condition enters the two-phase region, the change rate of
density decreases suddenly. According to the definition of two-phase speed of sound arwophese in
Equation (19), the sudden change of speed of sound will occur when the outlet flow enters the two-
phase condition. Also, as the inlet temperature decreases, the sudden change becomes much more
obvious.

The original 1-D method uses the 4. and a provided by NIST physical property model, and it
may lead to the problem of two-phase critical flow. Using the Figure 12 to further discuss the speed
of sound of 4. and a, the dotted line represents the saturation line. Considering the definition of the

speed of sound in Equation (19), (6% ) does not exist at the saturation line, because the left-hand
Pls

partial derivative of (6% ) is not equal to the right-hand partial derivative of ((’BPa ) . For the
Pls

s
condensation process, both density and pressure decrease along the direction of flow, so the actual

formula of - and a: is the right-hand partial derivative of (6P ) . However, the 2, and @ provided
Pls

by the NIST database is the left-hand partial derivative of (6% ) which is larger than the correct

Ps
value, and it leads to the calculated error of the Ma number.
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Figure 12. Curve of density with change of outlet pressure and inlet temperature using isentropic
model.

Correcting the 1-D method by replacing the 4. and @ by right-hand partial derivative of (6% )
Pls

, Figure 13 shows that the mass flow rate attains the maximum at the position of Ma = 1, which is
consistent with the definition of critical flow in Section 2.2.3. Therefore, using the NIST physical
property model and homogeneous two-phase model to calculate the two-phase flow, the speed of
sound of a» and aishould be corrected in the 1-D method.
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Figure 13. The curve of sealing performance of the round hole calculated by the corrected 1-D method.

4. Results and Discussion

This paper investigates three types of labyrinth, namely round-hole, see-through, and staggered
labyrinths. Firstly, existing experimental data are compared to verify the accuracy and applicability
of the 1-D method proposed in this paper on the labyrinths with different sealing structures which
are summarized in Table 6. Secondly, the influence of different sealing structure on the sealing effect
is studied by using the 1-D method, and the law of designing the sealing structure is analyzed in
advance.
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Notably, all the experiments are conducted at static conditions and the correlations in the 1-D
method are ignored the influence of swirl effect which may destroy the conservation of total enthalpy.
The critical velocity ratio of /U = 1.0 was introduced by Scherer [23] and Paolillo [24] in which u is
the axial velocity and U is the tangential velocity of the high-speed shaft. This was verified by Jun Li
[25] through the experimental and numerical study in which a rotational influence on the leakage
coefficient does not appear when the criterion (u/U < 1) is satisfied. In addition, in the study of
Waschka, it was argued that shaft rotation has a negligible effect on labyrinth seal leakage when the
local Re number is above 104 [26]. For the Re number of SCO, flow in labyrinth is much higher than
that of air, and the criterion (/U < 1) proposed based on the study of air labyrinth seals may be too
strict for SCO: labyrinth seals. It is recommended to discuss this further in the future work.
Conservatively, the criterion (u/U < 1) should be carefully checked when the 1-D method was used
to calculate the leakage of high-speed SCO:2 labyrinth seals at this stage.

Table 7. The experiment details of different labyrinth seals compared in this paper.

Seal Seal .re Outlet Re
Type Structure Outlet Condition Phase Number
w=5mm,
Fan et al. Round hole c=1mm, Critical Two-phase >106
Z=1
w=1.27 mm,
¢=0.105 mm,
Yuan et See-through s=1.27 mm, Critical & Non- Gas & Two-
al. & h=0.88 mm, critical phase
r=1.5mm,
Z=2
w =0.3 mm,
¢=0.14 mm,
h=2mm, Critical Two-phase >105
s=2mm,
Z=4

>105

Stepped

Zhu et al. staggered

4.1. Verification of 1-D Computation Method

4.1.1. Round Hole Labyrinth Seal

As expected for the experimental results of different structures of the single round hole used in
Section 3.1.2, Fan et al. also presented the detail results of two-phase critical flow corresponding to
different inlet temperatures (50-100 °C) and inlet pressure (8 and 10 MPa) respectively, in which the
backpressure maintains atmospheric pressure [17]. Table 4 shows the structure of the single round
hole.

Before using the 1-D method to calculate the single round hole, the criterion, Re > 1 x 105, must
be checked. Figure 14 shows the local Re number of critical flows in a single round hole under
different inlet conditions, which is over 106.
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Figure 14. The local Re number of outlet flow under different inlet conditions in Fan’s experiment.

The experimental conditions are suitable for using the 1-D method with critical discharge flow
coefficient and the two-phase model of the modified speed of sound. The comparison of calculation
results is shown in the Figure 15. Clearly, the 1-D method is highly accurate for different inlet
temperatures and pressures, and the calculation error of the 1-D method is within 5%. The
comparison indicates that the 1-D method can achieve highly accurate results under two-phase
critical flow conditions on the one hand, and on the other hand, the hypothesis of the Re number is

verified to some extent.
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Figure 15. The comparison of the 1-D method, isentropic model and Fan’s experimental results with
different inlet temperature and pressure (10 MPa-left and 8 MPa-right).

4.1.2. See-through Labyrinth Seal

Yuan et al. were the first to experiment on the SCO: see-through labyrinth seal which obtained
a complete curve of sealing performance and provided the detailed experimental data and also
carried out numerical simulation study using OpenFOAM [5]. The structure parameter of see-
through labyrinth seal used in the experiment is described in Figure 5 and Table 7. The inlet pressure
is 10 MPa and the inlet temperature is 318.98 K.

Figure 16 is the local Re number at computation site n = 1.5 under different backpressure. The
clearance of Yuan’s labyrinth is over 10 times smaller than that of Kim’s round hole labyrinth seal,
which causes the local Re number in Yuan’s experiment to be slightly higher than 10°. The critical
pressure of Yuan's is about 0.6. When the pressure ratio is less than 0.6, the leakage flow is under
critical condition and the local Ma =1, which means that the leakage flow basically keeps unchanged.
And then, the local Re number has little change. However, as the pressure ratio is more than 0.6, the
leakage flow is under a non-critical condition, and the local Ma decreases as the pressure ratio
increases, which leads to the rapid decrease of Re number.
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Figure 16. The local Re number at computation site n = 1.5 in Yuan’s experiment.

As the backpressure is below 6 MPa, the leakage flow at the outlet may be the two-phase critical
flow. As is shown in Figure 17, it can be found that the results of the 1-D method are most consistent
with the experiment and the relative error is less than 2% in single-phase and non-critical regions and
attain a higher accuracy in the two-phase and critical regions where the relative error is less than 1%.

The traditional computation formulas such as Martin’s formula, Stodola’s formula, Egli's
formula, and Vermes's formula are included to calculate the see-through labyrinth seal performance
curve under the same inlet condition (10 MPa, 318.98 K). The Martin’s formula shows the greatest
computational error, because It ignores the kinetic energy transport effect and assumes an isothermal
process, which is very different from the actual sealing process. From the perspective of the theory
itself, the traditional computation formulas are essentially zero-dimensional equations, and are
difficult to surpass the 1-D computational method proposed in this paper in terms of accuracy and
applicability.
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Figure 17. The comparison of SCO2 see-through labyrinth seal performance curve (based on different
methods).
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4.1.3. Stepped-Staggered Labyrinth Seal

Our research team developed a stepped-staggered labyrinth seal as the shaft end seal of the SCO:
centrifugal compressor, which may have better seal performance than the see-through labyrinth seal
and avoid the assembly problem of the traditional axial staggered labyrinth seal. The structure and
the assembly parts of the stepped staggered labyrinth seal is shown in Figure 18, and the experimental
tests under the SCO: inlet condition have been completed recently.

Impeller Labyrinth seals on compressor case

Labyrinth seals on compressor case
- .
Carbon ring seal —
- / T~
-

Bearing r [/\
.. -

Q

=

b [abyrinth scals on compressor shaft

Labyrinth seals on compressor shaft

Figure 18. The stepped staggered labyrinth seal used in the SCO: centrifugal compressor.

The compressor performance test loop is used to test the stepped-staggered labyrinth seal. To
improve the experiment reliability, the sealing experiment is conducted under steady state inlet
conditions and the size of clearance and diameter at different sealing teeth is measured to ensure the
accuracy of structure parameters used in the 1-D method. The measured results of the sealing
structure are listed in Table 8.

Table 8. The measured results of the sealing structure.

Teethl Teeth2 Teeth3 Teeth4
Sealing clearance (mm) 0.132 0.131 0.129 0.128
Sealing diameter (mm) 53.95 49.97 47.98 44.04

The experiment used a 1.5 m?® high-pressure tank as the gas supply and the set temperature and
pressure sensor were close to the compressor inlet to measure the inlet upstream condition of the
labyrinth seal. Figure 19 shows the inlet condition of the test, and it can be found that the inlet

temperature basically keep unchanged at 39.2 °C and the inlet pressure decreases from 8.01 to 7.88
MPa.
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Figure 19. The inlet condition of the stepped staggered labyrinth seal test.
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In the discussion of the round hole and see-though labyrinth seal, the local Re number is
analyzed firstly, and it is shown that the local Re satisfy the criterion (Re > 10%), and it may have no
influence on the calculation of 1-D computation. Figure 20 shows the local Re numbers at different
sealing teeth; the minimum and maximum values occur at the first and last teeth, respectively, and
they are both larger than 10°.

1.7x10°
1.6x10°
1.5x10°
o
21.4x10° L
g

=

=
&21.3x10°

1.2x10°

1.1x10° o

1.0x10° T T T T
1 2 3 4
Tooth number

Figure 20. The local Re number at different teeth.

According to the inlet condition of the test, it can be inferred that the critical pressure Pcis about
5 MPa, and the backpressure of the experiment is atmospheric pressure, which means that the outlet
status is critical two-phase flow. From Figure 21, the results of the 1-D method are consistent with the
test results.
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Figure 21. The comparison of 1-D method, isentropic model, experimental results.

4.2. Sealing Efficiency of SCO:2 Labyrinth Seal

The 1-D method has been proved have high accuracy for different kinds of labyrinth seals in
Section 4.1. Owing to the modified computational method of speed of sound, the 1-D method is much
more accurate in calculating the two-phase critical sealing condition. So, it is accurate and convenient
to discuss the design rules of the SCO:2 labyrinth seal using the 1-D method. Generally, it is more
appropriate to define a nondimensional parameter to investigate the sealing rules, and the seal
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leakage Gisentropic calculated by the isentropic flow model mentioned by Sandeep is the maximum

computational leakage under a certain condition [18], and then sealing efficiency 7s can be defined
as Equation (20).

Nt = 1—L x100% (20)

isentropic

4.2.1. Effect of Pressure Ratio

Using the curve of sealing performance of see-through labyrinth in Section 4.1.2 to investigate
the effect of pressure ratio on sealing efficiency. As is shown in Figure 22, the sealing efficiency
increases with an increase in pressure ratio in general. The sealing efficiency increases slowly when
the pressure ratio is far from the critical pressure and decreases rapidly when the outlet pressure is

close to the atmospheric pressure, indicating that a much more complex sealing structure at the
critical outlet may be required to achieve the same sealing effect.
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Sealing efficiency (%)
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Figure 22. The effect of pressure ratio on sealing efficiency.
4.2.2. Effect of Inlet Condition

Given different inlet pressure and temperature, the variation curve of sealing efficiency for SCO:
two-teeth see-through labyrinth with different inlet states is shown in Figure 23. Though no phase
change is the main characteristics of supercritical fluid, there is a quasi-critical point near which the
physical properties change dramatically. Figure 24 shows the sharp change of specific heat Cp near
the quasi critical point. For the inlet temperature less than pseudo-critical temperature, it is a liquid-
like inlet condition, and by contrast, it is a gas-like inlet condition. Obviously, minimum values of
sealing efficiency exist and are located at the inlet temperatures nearby of pseudo-critical
temperature. Besides, the “valley effect” of sealing efficiency is weakened as inlet pressure moves
farther away from the critical pressure. For the condition of inlet temperature far from quasi-critical
temperature, the sealing efficiency is basically unchanged and the liquid-like supercritical inlet
condition whose inlet temperature is low enough can be expected to demonstrate higher sealing
efficiency than that of the gas-like supercritical inlet condition.
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Figure 23. The effect of inlet condition on sealing efficiency.
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Figure 24. The quasi-critical point of SCOs.

4.2.3. Effect of Teeth Number Z

Changing the teeth number of see-through labyrinth seal in Table 7, sealing efficiency curves
can be plotted, as shown in Figure 25. The sealing efficiency increased dramatically when the teeth
number increased from two to five, but as the teeth number continues to increase, the growth rate of
the sealing efficiency slows down, which means that it is harder to improve the sealing performance.
In addition, the effect of the inlet condition, as discussed in Section 4.2.2, will be magnified when the
teeth number increases.
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Figure 25. The effect of teeth number Z on sealing efficiency.
4.2 4. Effect of Labyrinth Seal Type

As is discussed in Section 4.2.3, it is inappropriate to pursue higher sealing efficiency by solely
increasing the teeth number. So, in this section, the sealing efficiency of see-through and staggered
labyrinth seals have been compared in Figure 26. The staggered labyrinth improves sealing efficiency
by over 22% for the inlet condition of gas-like SCOz and 10% for the inlet condition of liquid-like

SCO:. Remarkably, the staggered labyrinth seal has a greater advantage on the inlet condition of gas-
like SCO:z and improved the sealing performance
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Figure 26. The effect of labyrinth seal type on sealing efficiency.

5. Conclusions

Based on the internal flow characteristics of the labyrinth seal, the 1-D flow hypothesis and the
thermodynamic process hypothesis are presented. The 1-D computation method of the labyrinth seal
suitable for a real fluid (including a two-phase flow) is proposed.

The SCO: sealing flow has the Re number that is two orders of magnitude higher than that of
air, and is turbulent flow. The flow discharge coefficient is obviously larger. At the sealing chamber,
the kinetic energy transport effect of the supercritical CO2 working fluid is much more obvious, and
the residual kinetic energy coefficient is larger. The influence of Re number on characteristic
parameters is assumed to be negligible under the condition 10° < Re < 107. Based on the experimental,
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numerical results, and traditional theory, the experimental correlation discharge coefficient C and the
residual kinetic energy coefficient 6 used in SCO: labyrinth seals are proposed. The two-phase critical
flow was studied, and it is not suitable to use the 4. and a:in the NIST model to calculate the speed of
sound of the two-phase flow in the labyrinth seal, which leads to computational error in the
calculation of two-phase critical flow. The speed of sound of two-phase flow is corrected and the
problem of critical flow Ma number is perfectly solved.

In this paper, to verify the validity of 1-D method, the results of three types of labyrinths
including round-hole, see-through and staggered labyrinth seals are compared, which shows that the
computational results of 1-D method are consistent with the experimental results for different types
of labyrinth seals and under different inlet conditions, and it is also proven that the flow discharge
coefficient and kinetic residual coefficient of 1-D method may not be affected by Re number (Re > 10°)
to some extent.

The 1-D method has been used to discuss the influence of various factors on the sealing
performance, and the conclusions are as follows:

(@) The sealing efficiency increases as the pressure ratio increases and increases slowly when the
pressure ratio is far from the critical pressure.

(b) The minimum values of the sealing efficiency exist and are at the inlet temperatures near the
pseudo-critical temperature.

(c) As the teeth number continues to increase, the growth rate of the sealing efficiency slows down.

(d) The staggered labyrinth seal has more advantages on the inlet condition of gas-like SCO:
improving the sealing efficiency by 22% compared with the see-through labyrinth seal.
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Nomenclature and Units

Abbreviation

1-D  one-dimensional

CFD  computational fluid dynamics
Supercritical CO2

flow discharge coefficient
teeth number

pressure, MPa

temperature, K

ideal gas constant, J/(mol-kg)
mass flux, kg/(m?s)

mass flow rate, kg/s

enthalpy, J/kg

the height of sealing chamber, mm
entropy, kJ/(kg-K)

cross section area, m?

the computational site

unit kinetic energy, m?/s?
flow velocity, m/s
characteristic length, m
characteristic length, m

— s x> = w o= . ~ w
S S 30 =~ ng
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c

tooth clearance, m

op pressure difference, MPa

oG iterative error, kg/s

Re Reynolds number

Ma Mach number

Greek symbol

density kg/m?

u dynamic viscosity, Pas

0 residual kinetic energy coefficient

v specific volume, m?/kg

A adiabatic exponent

y carry-over coefficient

B expansion angle, °

n sealing efficiency, %

Subscription

Po inlet pressure, MPa

Pout out pressure, Mpa

P the critical pressure of flow, Mpa

ho total enthalpy, kJ/k

hoo inlet total enthalpy, kJ/k

Ty, inlet mass flow rate, kg/s
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