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Abstract

Reducing leakages and improving the rotor-dynamic damping characteristics of annular seals is an essential
problem of sealing technology. A whole range of damping seals are used to seal the shafts of turbomachines, such
as honeycomb, hole pattern, pocket, and scallop seals. To reduce the cost and production time, the scallop seals
are increasingly used. They showed quite good dynamic and leakage characteristics in the modernization of
compressors in the chemical industry. Some designs of scallop seals are able not only to increase dynamic
performance (additional use of swirl brakes in the form of semi-open scallops at the inlet) but also thanks to the
hybrid design of the scallop and labyrinth seal made of PEEK material, which ensures a minimum clearance
between the seal and the shaft, reduce leakages of pumped fluid.

This paper presents the results of calculating the rotordynamic and flow rate characteristics of scallop and
labyrinth-scallop seals depending on the operating parameters using computational fluid dynamics (CFD)
methods. The CFD was used to calculate the hydrodynamic and rotordynamic characteristics of the seal with shaft
whirl. The rotordynamic coefficients were obtained using the frequency excitation method. The obtained
characteristics were compared with experimental data available from the literature for annular and labyrinth seals.
The study confirmed the relatively low leakages, the high dynamic characteristics of the labyrinth-scallop seals,
and the frequency dependence of the stiffness and damping coefficients. It has been confirmed that sickle-shaped
scallops create obstacles to the circumferential flow of the working medium. Reducing the circumferential gas
flow increases the hydraulic resistance in the grooves and simultaneously minimizes the circulation forces that
create shaft whirl, increasing vibration.

Keywords: leakage, rotordynamic coefficients, labyrinth and scallop seal, damping seal, swirl
brakes

Introduction

As is known, leakages in the seals of high-pressure centrifugal compressors are limited due to the use of
potential pressure energy to overcome local resistances, frictional resistance along the channel length, and
sometimes inertial resistance. The larger leakage, the smaller part of potential energy is transferred to the kinetic
energy of the flow, as well as the lower values of the average velocity of the liquid in the channel and its mass
flow rate. Thus, annular seals are not completely eliminated, but only limit flow rates.

Labyrinth seals, in which local resistances prevail, can be attributed to seals with throttling channels. The
main function of labyrinth seals is to ensure minimal leakage through the sealing surfaces, taking into account
minimal aerodynamic effects on the compressor rotor. However, in labyrinth seals, due to the fluid flow in the
circumferential direction, while the flow is carried by the rotating shaft, circulating aerodynamic forces arise.
Therefore, in practice, a number of annular seals have been proposed, which can reduce circulating forces that
cause an increase in rotor whirl and, accordingly, vibration. These basic seals include honeycomb, hole-pattern,
pocket and scallop seals. If the sealing mechanism and dynamic characteristics of the first three types of seals are
well studied [1-6], a rather limited number of studies and publications are devoted to the last type of seals [7-10].

Scallop seals (Fig. 1. a) are widely used and have proven themselves in the process of modernization of
compressors for the chemical industry [8]. There are a number of designs of scallop seals that are able not only to
improve dynamic characteristics (Fig. 1. a), but also to reduce leakages of the pumped medium (Fig. 1. b) [8].
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The first patent for the scallop seal design (Fig. 2. a, b shows the longitudinal section and the isometric
view of the seal) [11,12] was obtained in 1984. And it has a sleeve 1 on the inner surface of which there is scallops
2. In the axial direction, the rows of scallops are separated by ridges 4, and in the circumferential direction, adjacent
scallops are separated by bridges 3. The ridges perform the same role as the ridges in conventional labyrinth seals,
and the bridges slow down the circumferential flow.

The role of bridges is particularly important because, by slowing down the circumferential flow, they
thereby reduce the circulating force, the existence of which is the main reason for the loss of dynamic stability of
the rotor in the seals. In addition, the scallops are semi-closed chambers that slow down the expansion flow and,
accordingly, increase the damping force [13].

In the research work of A. Gulyi [7] presents the experimentally obtained characteristics of flow rate and
stiffness for three types of liquid seals, namely: labyrinth with overlapping ribs, scallop and honeycomb seals. All
characteristics were compared with the characteristics of standard annular seals. Flow rates, amplitudes, and phases
of forced rotor oscillations were measured at four pressure drop values 0f 0.2; 0.5; 1.0; 2.0 MPa at rotational speeds
from 0 to 1000 s! in steps of 50 s*'. Leakage rate characteristics of all types of seals, with an averaged rotational
frequency, show that the minimum flow rates were obtained for a labyrinth seal with a small axial gap between
the ridges. Flow rates throughout scallop, honeycomb and labyrinth seals with central location of ridges are almost
the same and about 20% less compared to flow rates due to standard annular seal. Numerical values of hydrostatic
stiffness are determined by evaluating parameters based on phase and amplitude-frequency characteristics. The
latter applies to all types of seals with a pressure drop value of 1 MPa. The type of characteristic corresponds to
the model of the dynamic system of the rotor seal as a linear oscillating system of the second order. The honeycomb
seal has more dominant dynamic properties, and the scallop seal is closer to the standard one. If the tasks of
reducing vibration and leakage are equally important for a particular pump, then scallop seals should be used. In
terms of hydraulic resistance, they are not inferior to labyrinth and honeycomb seals, and in terms of damping and
stiffness properties, they significantly exceed them. At the same time, they are less prone to scoring than
conventional annular and labyrinth seals. However, it should be remembered that the coefficient of hydrostatic
stiffness of scallop seals is approximately two times lower than that of conventional annular seals [13].

Gocha Chochua [9] investigated the flow between the surface of the stator with scallops made by a disk
cutter and the smooth surface of the rotor in a scallop seal with sloping sidewalls developed by Dresser-Rand using
the Computational Fluid Dynamics (CFD) method. The main direction in the calculation of the scallop seal was
the study of the turbulent compression flow under the action of the pressure drop for the periodic region, the
assessment of the effect of the rotor rotation and the swirl at the inlet on the physics of the flow, the extrapolation
of the results for the periodic region on the full geometry of the seal and determination of friction coefficients due
to pressure losses and shear stress.
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Fig. 2. The first patented design of scallop seal [14]
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In his paper, Naohiko Takahashi et al. (Hitachi, Ltd. Company) [10] presented an evaluation of the
rotordynamic coefficients of a scallop seal that has elongated ridges and sloping sidewalls with narrow ribs, as in
labyrinth seals. The results of the experiment showed that the new seal had improved damping, which is in good
agreement with the calculation results based on the bulk flow and CFD analysis by the excitation method. In the
analysis by the excitation method, the whirl motion was considered as a stationary problem using a rotating frame
of reference. The friction coefficients for the rotor surface, the stator surface, and the surface between the two
control volumes for the bulk flow model were determined using steady-state CFD analysis.

The scallop seal can also be made in a stepped configuration, which is used in the unloading piston seals to
change the diameter in the axial direction [8,10].

Based on the analysis of previous studies, we can draw the following conclusions and formulate the purpose
of this study. Scallop seals showed quite good dynamic and flow rate characteristics during the modernization of
compressors in the chemical industry. There are a number of designs of scallop seals that are able not only to
increase dynamic performance (additional use of swirl brakes in the form of semi-open scallops at the inlet), but
also thanks to the hybrid design of the scallop and labyrinth seal made of PEEK material (Fig. 1. b), which ensures
a minimum clearance between the seal and the shaft, leakages of the pumped liquid are reduced. However, a
number of studies and publications [7-10] are dedicated to scallop seals and are mainly related to the study of flow
physics and the friction coefficient for the analysis of losses in scallop seals with inclined side walls [9], as well
as obtaining dynamic coefficients using CFD analysis by the frequency excitation method and the bulk flow
method for seal with elongated scallops and inclined sides walls [10]. For scallop seal, there are results regarding
leakages and stiffness characteristics only for liquid media [7]. There is no comparison of leakage and dynamic
coefficients of scallop seals with other types of labyrinth and annular seals for gas mediums. There is no
information about the frequency-dependent dynamic coefficients of labyrinth-scallop seal. Due to the fact that the
labyrinth-scallop seal is a damping type of seal, therefore, to obtain frequency-dependent rotordynamic stiffness
and damping coefficients, it is advisable to use the calculation method of trajectories, which simulates the gas flow
and the movement of the shaft along a given orbit.

1. Geometrical parameters, working and boundary conditions of the labyrinth-scallop seal

The calculation of the leakages in the labyrinth-scallop seal can be performed using CFD modeling in the
Ansys CFX software [15]. In Fig. 3 a, an example of a geometry sector created in the Ansys Design Modeler
software module is shown, in fig. 3 b mesh of the seal sector with imposed boundary conditions, in Fig. 3 ¢ the
complete geometry of the labyrinth-scallop seal. The sector geometry is 1/20 of the full geometry. The geometry
of the seal consists of inlet and outlet chambers, periodically repeated along the length of the seal of scallop rows,
annular channels, and four labyrinths made of PEEK material. The Ansys Meshing software was used to generate
a computationally structured hexa mesh for the generated labyrinth-scallop seal geometry. The number of elements
in the clearance was equal to 10 elements. The total size of the mesh was equal to 460,000 elements. The analysis
of mesh independence of the model was carried out for four different mesh sizes - 137470, 331860, 460000,
653640 cells. The mesh thickened near the walls to obtain the necessary parameter y*=30-300 for the
corresponding k-¢ turbulence model.

Table 1 shows the geometrical dimensions and operating conditions obtained for the shaft diameter, length,
clearance, and boundary conditions in the experimerolug for the hole-pattern seal performed in [14].

Rotational periodicity

a)

c)

Fig. 3. Geometry and boundary conditions of labyrinth-scallop seal
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Table 1

Geometrical parameters and operating conditions for scallop seal in CFD modeling

Parameter Value

Inlet pressure 7.00 MPa

Outlet pressure 3.15 MPa

Inlet temperature 17.4 °C

Shaft rotation speed 20200 rpm

Clearance 0.2 mm

Shaft radius 57.37 mm

Seal length 85.7 mm

Fluid Air (Ideal gas)

Scallops number in the 20, 30

circumferential direction

Calculations were performed using Ansys CFX software which uses a hybrid finite volume method with
shape functions from the finite element method to discretize the equations (Reynolds Averaged Navier—Stokes
Equations). The k-¢ model of turbulence with a standard wall function was used to describe the turbulent flow.
The compressibility of a gaseous medium is represented by air as the ideal gas, the total energy equation, and the
mass flow balance equation. To check the convergence during the calculation, the mass flow rates at the entrance
and exit were monitored. The inlet and outlet boundary conditions were static pressures (Table 1). To take into
account the centrifugal and inertial Coriolis forces, the computational domain of the seal was considered in a
rotating frame of reference. The shaft wall is in a rotating coordinate system, while the seal wall has a counter-
rotating wall boundary condition. This is necessary to create zero velocity with a no-slip wall boundary condition.
A static temperature was also set at the seal inlet (Table 1).

3. Mathematical formulation of liquid flow

The averaged Reynolds equations for unsteady simulations, called URANS (Unsteady Reynolds Averaged
Navier-Stokes Equations), are given below [15]. In the following equations, the upper underscore is omitted for
the averaged values, with the exception of pulsation values

“ar o (PUU) = ~ g+ g (T — PRT) + Su

where 7is the molecular stress tensor (which includes both normal and shear stress components). Reynolds
stresses pu,u;, flow velocities Uy, U; consist of averaged and pulsational components, p is density, S, is source.
Reynolds-averaged energy equation:

Ipheye p 0 o ( or _\ 9
ot TP (pUh,,,) = —(A——puh |+ —[U(t;; — puar)| + S
ot ot ox (PUheor) ax \"ox, P +ax,-[ (= P + S

The average total enthalpy is given by:
1
htot = h +EU1U1 + k

where / is the specific static enthalpy.
The total enthalpy contains a contribution from the turbulent kinetic energy £:

1_2
k=§ul

Turbulence models close the averaged Reynolds equations providing the models for calculation, Reynolds
stress, and Reynolds fluctuation.

The k-e¢ model assumes that turbulent viscosity is related to turbulent kinetic energy and turbulent
dissipation by the ratio:

2
Ue = up?



18 Problems of Tribology

where C, is a constant.

The turbulent kinetic energy & and its dissipation rate € are derived directly from the differential equations
of transfer.
For the ideal gas, the main dependence and equation of state are:

dh = ¢, (T)dT

P =Rt

where 7, p — static temperature and pressure, respectively, c,— specific heat capacity at constant pressure,
R —universal gas constant.

A mixed method of discretization of equations is used. The solution of the system of discretized equations
is carried out on the basis of a coupled approach. The pressure and velocity components are determined
simultaneously in one cycle.

The most important of the calculations is the calculation of seal mass flow rate. The mass flow through the
seal is determined by calculating the following integral on the outlet surface

M=pUJ.dA
5

where U is the component of the velocity vector perpendicular to the outlet surface S.
The components of the sealing reaction forces are determined by integrating the pressure field of the sealing
medium over the entire shaft surface [14]

F,=-R fOL foznp(a,z) cosf db dz, F, = —R foL foznp(e,z) sinf df dz,
where R is the shaft radius, L is the seal length.
4. Results of calculations and comparison of leakages of the labyrinth-scallop seal
As a result of the calculations, the dependences of the mass flow rate through the labyrinth-scallop seal on
the pressure ratio B.= P,,, / P;, and the shaft rotational speed was obtained (Fig. 4). It can be seen from the graphs

that with a decrease in the pressure drop and an increase in the rotational speed, the mass flow rate through seal
decreases.
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Fig. 4. Dependence of the mass flow rate on the pressure ratio
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Fig. 5. 3D flow in a labyrinth-scallop seal
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Fig. 6. Vortex flow in the axial (a) and circumferential directions (b)

3D flow in a labyrinth-scallop seal is presented in Figure 5. It has a complex three-dimensional structure
with three types of vortex flow, such as circumferential flow in the clearance between the seal and the shaft, vortex
flow inside the scallops in the circumferential and axial directions, and vortex flow in the labyrinth annular channel
(Fig. 6 a,b).

Fig. 7 a,b shows the field of velocities and pressure in a labyrinth-scallop seal. The distribution of static
pressure along the length of the seal (Fig. 8) shows that the largest pressure drop occurs on four labyrinths made
of PEEK material with the smallest radial clearance between the seal and the shaft. Moreover, the amplitude of
the pressure drop on each subsequent labyrinth increases.
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Fig. 9. Calculation mesh and boundary conditions of scallop seal

To compare flow coefficients for annular, labyrinth, scallop, and labyrinth-scallop seals calculations were
performed with three different pressure coefficients: B.=P,,, / P;, =0.13, 0.34, 0.52. As a scallop seal design, a
seal design with 30 crossed rows of scallops was used. An example of the calculation mesh for the scallop seal
sector is shown in Fig. 9. The calculation results are presented in a dimensionless form in the form of a flow

coefficient [6,16]:
, R.T;
M c-in
2APP;,

*=—m C,

where M - mass flow rate, R, - gas constant, P;,, T, - pressure and temperature at the inlet, respectively,
AP - pressure drop at the seal, C, - radial clearance, D - shaft diameter.

The calculated values were added to the graph obtained by Childs [16] for annular and labyrinth seals (Fig.
1.10). All results are presented at a rotational speed of 10,200 rpm, as this minimizes the effect of rotational speed
on the comparison procedure.

It can be seen from Figure 10 that the largest values of the flow coefficient belong to the annular seal, the
scallop seal has slightly lower values of the flow coefficient than the traditional labyrinth seal, and the smallest
value of the flow coefficient has the labyrinth-scallop seal. Thus, at a pressure ratio of 0.3, the flow coefficient of
the labyrinth-scallop seal is 41.7% less than that of the annular seal and 19% less than that of the labyrinth seal.



Problems of Tribology 21

0.35
0.3
= 025
Y
. p—
=
£ 02 »——/-
-]
3
0.15
z
=]
E: 0.1 Annular seal
—#— Labyrinth seal
0.05 == Scallop seal
Labyrinth-scallop seal
0
0 10 20 30 40 50 60

Pressure ratio, %
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5. Results of comparing the rotordynamic stiffness and damping coefficients of the scallop seal

To calculate the rotordynamic coefficients, a full model of the geometry and mesh of the scallop seal was
used. The mesh deformation technology was used to model the shaft uniaxial excitation by the trajectory method.
Unsteady calculations were performed for six different frequencies with physical time steps. Depending on the
time, the radial and tangential forces of the shaft reaction were obtained, according to which the rotordynamic
force coefficients of stiffness and damping were estimated. The amplitude of the shaft movement was 10% of the
radial clearance and was equal to 0.02 mm.

To analyze the effectiveness of the scallop seal, it is quite important to compare its rotordynamic force
coefficients with the coefficients for other annular seals.

For a more reliable comparison of rotordynamic coefficients, stiffness K and damping C for each seal
design, they are presented in the form of normalized coefficients determined by the Childs equation [16]:

. c

C,

. K

(")

where L is the seal length, D is the shaft diameter, AP is the pressure drop across the seal, and C, is the
radial clearance.

The result of these equations is the normalized damping C* in seconds, and the normalized stiffness K*,
which is dimensionless (in the graphs presented below, the normalized damping and stiffness values are multiplied
by 10°).

The effective damping coefficient Cey relates the cross-stiffness coefficient £ and the direct damping
coefficient C and is defined

Copr = C(Q) — k(Q)/Q

The comparison is made for experimental data obtained for annular and labyrinth seals, which were studied
at an inlet pressure of 68.9 bar and various pressure drops. The graphs are taken from the work [6], and the
calculated data for the scallop seal are plotted on these graphs (Fig. 11). The graphs (Fig. 11 a,b) show normalized
data of effective damping and direct stiffness for labyrinth, annular and scallop seals.

The given dependences show that the traditional labyrinth seal has a negative direct stiffness and very low
values of effective damping in the entire range of excitation frequencies. The scallop seal has significantly higher
values of direct stiffness and effective damping than the labyrinth seal. However, in the low-frequency range of
40-70 Hz, the effective damping of the scallop seal can take negative values, which can cause loss of shaft stability
at these frequencies. The annular seal has more effective damping and comparable stiffness at higher frequencies
of 225-300 Hz. Therefore, if the combination of sealing and dynamic stability is important, then a scallop seal
should be chosen among the considered types of seals.
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Conclusions

Using the repeatedly tested CFD methods for modeling the gas flow in the seal, the values of the labyrinth-
scallop leakages and the dynamic characteristics of the scallop seals were obtained. A comparison of the obtained
characteristics with experimental data available from the literature for annular and labyrinth seals is given. The
study confirmed the rather low values of the labyrinth-scallop leakages and the high dynamic characteristics of the
scallop seals, as well as the frequency dependence of the stiffness and damping coefficients.

The study of labyrinth-scallop and scallop seals showed that to improve dynamic characteristics, especially
effective damping at low excitation frequencies, it is necessary to use swirl brakes in the form of semi-open
scallops at the seal entrance. To reduce leakages, it is advisable to use stepped and hybrid designs of scallop seals,
i.e. labyrinth-scallop seals, in which the values of leakages are reduced with sufficiently high dynamic
characteristics.

Studies have confirmed that scallops create obstacles to the circumferential flow of the working medium.
Reducing the circumferential gas flow increases the hydraulic resistance in the grooves and at the same time
reduces the circulation forces that create shaft whirl, increasing vibration. Rows of scallops are characterized by
increased strength and rigidity. Scallop seals have good damping properties.
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B. I3emenko, A. 3aropyJbko, 0. 3aropyabko. Butoku i poropoanHamiuHi koedilieHTH 1a0ipHHTHO-
JIYHKOBUX yH_[iJ'IBHeHB.

3MEHIIeHHS! BUTOKIB 1 MOKPAIICHHS POTOPHO-AMHAMIYHUX AEMII(YIOUMX XapaKTEPUCTUK IIITAPUHHUX
VIIITPHEHb € BaXKIUBOKO 3a7a4yei0 YIIUIGHIOBANBHOI TexHikW. s repMmerm3amii BaliB TypOOMAaIInH
BUKOPHUCTOBYETHCS MUK psi AeMIIEpHUX YIIIIbHEHB, TAKUX SK CTUIEHUKOBI, 3 CITKOIO OTBOPIB, KAIICHHKOBI 1
JMYHKOBI ymIiibHeHHS. [ 3MEHIIIeHHS BapTOCTI i Yacy BUPOOHHUIITBA, BCE YACTIIIE BHKOPHCTOBYIOTHCS JIYHKOBI
yIuibHeHHs. BoHM moOKa3aiu J0CHTh rapHi JUHaMIuHI Ta yHIUIbHIOBAIbHI XapaKTEePUCTHKHU NMPU MOAEpHi3alil
KOMITPECOPIB XIMI4HOI MPOMHCIOBOCTI. Jlesiki KOHCTPYKLIT JIYHKOBHX YIIUIbHEHb 3[JaTHI HE TUIBKU MiABUIINTH
JIMHAMIYHI XapaKTepUCTHKU (I0JJATKOBE BUKOPHCTAHHS BUXPOBHX TajibM y BHIJISJII HAIMIBBIIKPUTHX JIYHOK Ha
BXO/11), aJie i 3aBISIKU T1OpUIHIM KOHCTPYKIT JYHKOBOIO Ta Ja0ipHHTHOIO yuiiabHeHb 3 Matepiainy PEEK, ska
3a0e3neuye MiHIMaIbHUIN 3a30p MK YIIUIBHEHHSM 1 BAJIOM, 3MEHILYIOTh BUTOKH IE€peKavyBaHOl PiJIMHU.

VY wili craTTi HaBeAEGHO PE3yJbTaTH PO3PAXYHKY POTOPHO-IMHAMIYHMX 1 BUTPATHUX XapaKTEPHCTHK
JYHKOBUX 1 JIAOIpUHTHO-TYHKOBHUX YIIIIFHEHD B 3aJIEKHOCTI Bifl pOOOYHX ITapaMeTpiB 3a JOIMOMOTOI METOIIIB
obuncmoBanbHOI rifgpoanHamiky (OI'/1). OI'J] MeTo 1 BUKOPHCTOBYBAIMCS JUIsl PO3PaxyHKY I'iJIpOJIUHAMIYHUX i
POTOPOAMHAMIYHUX XapaKTepUCTHK YLIJIbHEHHS 3 mperneciero Baida. PoroguHamiuHi KoeQillieHTH OTpHMaHO
METOJIOM YacTOTHOTO 30y/keHHs. OTpHMaHi XapaKTEpPUCTUKHU MOPIBHIOBAIH 3 €KCIIEPUMEHTAILHUMH JTaHUMH,
HassBHUMH B JIiTEpaTypi ISl IIIAPUHHKX 1 Ja0IpUHTHHUX yIIUTbHEHb. J[0CTiPKeHHS MATBEPAUIIO BiJTHOCHO HU3bKI
BUTOKHM, BHCOKI JWHAMi4HI XapakTEpPUCTHKH JAOIPUHTHO-JIYHKOBHX YIIUIbHEHb, YAacCTOTHY 3aJICXKHICTh
KoeimieHTiB )KOpCTKOCTI Ta AeMndyBanHs. [linTBepIKEHO, 0 JIYHKH CTBOPIOIOTH MEPEIIKOIH ISl OKPYKHOTO
MOTOKY POO0YOro cepeoBHIia. 3MEHIICHHS OKPY>KHOTO MOTOKY ra3y 301IbIIye TiApaBIiuHUH Omip y KaHAaBKaX i
OJTHOYACHO MiHIMI3y€ IUPKYJIAIIHHI CHUIIH, SIKi CTBOPIOIOTH MPEIIECiio Baly, MOCHIIOI0YHN BiOpaIlifo.

Kio4yoBi ciaoBa: BHTOKHM, POTOAMHAMi4HI KoegilieHTH, TabipHHTHE Ta JYHKOBE YIIUIBHEHHS,
nemrepHe yuIiIbHeHHS, BUXPOBi rajibMa



