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ABSTRACT 
In this paper, the unsteady simulations of shrouded low-pressure turbine with staggered and conventional labyrinth 

cavities is conducted for investigations of the improvement mechanism of labyrinth structures for aerodynamic 

performance. Current tip shroud cavity design principle is based on the total pressure loss propogational related to leakage 

fraction. Staggered labyrinth seal, however, reduces the total pressure loss more than the linearly evaluation. Static pressure 

ratio between each fin gap is reduced in staggered labyrinth seal configuration, thus reducing the input momentum in each 

sub-cavity devided by fins. Secondary eddies of cavity flow is controlled and oscillations of pressure wave propogation is 

strengthened by circumferential migration and reduced room in each sub-cavity, resulting in stable toroidal vortices and 

reduction of viscous loss. Strengthened interaction in shroud outlet gap and reduced leakage fraction lead to the blockage 

of leakage mass flow, thus controlling the secondary loss structure of mixing of leakage jet in main flow. Research in this 

paper provides a reference for reducing the difficulties in the overdesign for leakage related efficiency loss in turbine 

design, and offers the idea for evaluating the efficiency loss more properly. 

INTRODUCTION 
Overdesign of aerodynamic efficiency is demanded for the deterioration of shroud cavity flow related loss. The 

estimation of tip-leakage related loss of efficiency is the margin taken into consideration in the process of turbine 

preliminary design. The loss mechanisms and the optimization of tip shroud geometry for controlling the shroud leakage 

has been extensively studied for advanced turbine design. Such improvement for the tip shroud cavity structure compared 

with conventional double-fin labyrinth provides complicated impact on the original loss generation. Mechanism of 

conventional and improved labyrinth seal arrangement is of significance for detailed turbine design. 
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Modern tip shroud leakage loss models are mostly improved based on the theory of (Denton, 1993), who defines the 

process of mixed out as shear effect of different velocity vectors. Wallis et al. (2001) provided the topologies of typical 

flow structures of cavity and leakage flow. Flow structures of ingestion and reentering flow in shroud cavity inlet gap, 

deceleration and wrapping in the labyrinth seal, and vortical structure in the axial outlet gap is described with the blade 

passages. Rosic et al. (2008a) evaluated the leakage loss in the low-aspect ratio and put forward the structure of turning 

vanes based on the optimization of intersection angles between leakage jet and main flow, providing evidence for the theory 

of Denton’s (1993). Pfau et al. (2005, 2007) applied the fast response aerodynamic probe for the unsteady flow field 

measurements in a two-stage shrouded turbine, infering the model of toroidal vortices influenced by upstream vane wakes 

at shroud inlet and process of mixing at shroud outlet cavities. Barmpalias et al. (2012) provided the experimental and 

numerical results of a shrouded turbine with the decreasing inlet cavity gap, suggesting the necessity of preventing the 

toroidal vortices cavity inlet gap from breaking down for reducing the shroud cavity loss. 

There is research published for optimizing the aerodynamic loss encasing the rotor tips by shrouds and flow mechanism 

under the structure of unconventional shroud cavity. Rosic et al. (2008a) compared the mixing loss affected by different 

geometry parameters and put forward the case of shroud deflector for redistribution of leakage jet. Wei (2013) focused on 

the influence of width of shroud inlet and outlet gap on the seal efficiency, providing the opinion that the radial displacement 

of shroud leakage flow is controlled by the shroud leakage fraction that influences the secondary flow loss. Biester el al. 

(2013) had a research on the leakage interaction by the narrowed rotor-stator axial distances. Palmer et al (2015, 2016) 

researched on the active control method on the tip shroud with single fin, building the aerodynamic loss model for the mass 

flowrate of the injected cooling gas and offering the analysis of influence of scalloped tip shroud on the flow field. (Pawsey 

et al, 2017) studied the loss increasement for the worn labyrinth seal, related the effect of shroud cavity seal structure on 

the turbine flow field with the circumferential migration of cavity flow. 

Methods of changing the labyrinth arrangement is clearly the effective way to improve the sealing performance and 

increase the aerodynamic efficiency. Fins attached to the casing and inverse to the tip shroud is proven to improve the 

leakage interaction by (Mahle et al, 2011). Moreover, Weihang et al. (2019) published a comparison among series fin 

arrangements for a shrouded turbine and found that the staggered labyrinth seal structure with double-side fins on the tip 

shroud and casing improves the aerodynamic performance most obviously. Szymanski et al (2018) measured the flow 

structure of cavity with double labyrinth opposite to honeycomb and found the optimal linclined angle for each fin by 

means of numerical simulation. However, the details that the influence of staggered labyrinth seal structure on the unsteady 

flow field of low-pressure turbines have not been offered yet. 

This paper is divided into three different sections. The first part is about the numerical settings for the object in this 

research, a single stage low-pressure turbine with different rotor tip shroud cavity geometry, including the fluid domain 

and the relevant boundary conditions. In the second part, the numerical results are discussed for the flow mechanisms. 

Firstly, the impact of the labyrinth sealing structure on the turbine performance is discussed, providing the direct 

comparison of the efficiency loss resulted by different labyrinth seal structures Axial and circumferential profiles of loss 

and secondary flow distributions for different cases are compared in this section. Secondly, investigation is provided for 

the effects of staggered labyrinth seal on cavity flow field, the direct influences from the additional triple casing fins on the 

time-averaged flow field and unsteady fluctuations of dynamic parameters are acquired. At last the analysis for the 

interactions between the tip leakage and main flow is provided for the fully understanding of the flow mechanisms of the 

staggered labyrinth seal. In the final section, valuable conclusions are summarized for the improvement of the design for 

low-pressure turbines. This research provides the better understanding of the general flow in rotor tip shroud cavity and 

puts forward the reliable reference for detailed design for advanced turbine. 

METHOLOGY 
To analyze the flow structure in a shrouded low-pressure turbine, the model of a single-stage turbine is chosen for 

unsteady simulation. Matsunuma (2007) has carried on experiments for the original turbine and Sun (2009) has conducted 

subsequent numeric studies for the unsteady characteristics of rotor tip flow field. For the purpose of unsteady calculation. 

Figure 1 shows the models of the computational domain for the blade passage and figure 2 shows the sketches of shroud 

cavity design. In figure 1, the rotating tip shroud appearing in yellow with non-rotating rotor casing appearing in cyan and 

directions of the cylindrical coordinate system of the fluid domain in this paper is offered. The whole mass flow rate, �̇�0, 

is divided into the main flow, �̇�𝑚𝑎𝑖𝑛, and the leakage flow, �̇�𝑙𝑒𝑎𝑘. Sections of different rotor tip configurations is provided 

in figure 2. Idealized baseline case with zero length of shroud inlet and outlet cavity gap preventing tip leakage is provided 

in figure 2(a). Positions of leading edge (LE) and trailing edge (TE) in figure 2(a) remains the same in figure 2(b) and (c). 

Figure 2(b) shows the design of typical conventional labyrinth seal with double fins attached to the blade shroud. Fins 

without inclination angles are widely applied to low-pressure turbines with straight-through flow path and the simulation 

on the configuration is supposed to provide reliable reference for the aerodynamic performance of shrouded low-pressure 

turbine. The staggered fin arrangement is shown in figure 2(c) consisting of double fins of conventional labyrinth seal on 

tip shroud and addidional triple fins on turbine casing side. The optimization mechanisms on cavity flow field concluded 
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in this paper totally focus on the effect of seal structures guaranteed by the unchanged circulation area of shroud cavity 

inlet, outlet and each fin gap. 

 
Figure 1 Three-Dimensional Model of Vane and Rotor Passage 

 

(a) Idealized Baseline Case without Cavity Leakage 

 

(b) Case of Conventional Labyrinth Seal Cavity 

 

(c) Case of Staggered Labyrinth Seal Cavity 
Figure 2 Sketch of Tip Shroud Cavity 

 

Numeca IGG& Autogrid5 software is applied for the mesh generation and the 3D mesh topology of the shrouded 

turbine with staggered labyrinth seal cavity is shown in figure 3. Both of the computational domains of vane and rotor 

passage are meshed using O4H topology without tip clearances, with the labyrinth seal cavities meshed using H topology. 

Figure 3 shows that nodes of grids between the cavity and the rotor passage are totally matched. 
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Figure 3 Mesh Topology of Shrouded Turbine with Staggered Labyrinth 

Based on grid independency, the whole mesh contains 7.3 × 106 cells in a single blade passage, of which 2.1 × 106, 

3.2 × 106  and 1 × 106  cells are contained separately for the domain of vane, rotor and tip shroud cavity. The 

circumferential number of nodes in one rotor passage is 121 and the axial number of nodes in the cavity inlet connection 

location is 33 while there’s 21 node points in the cavity outlet connection points. The first cell height is set to 1 × 10−3mm 

and the calculated y+ is lower than 1 in the whole domain. 

In this paper, simulations are performed with Ansys 19.0 CFX solver. Steady and unsteady Reynolds-averaged three-

dimensional Navier-Stokes equations are solved. The shear stress transport turbulence model is applied for turbulence 

closure. Diffusive fluxes are computed with the central scheme and time integration is performed for the unsteady 

simulation. The characteristics of the single stage low-pressure turbine for this investigation are listed in table 1, and the 

boundary conditions are the same as experiments performed by Matsunuma (2007). Figure 4 shows the comparison 

between the numerical simulation and the experiments in the original unshrouded turbine, with 1mm rotor tip clearance. 

The spanwise distribution of pitchwise and time-averaged flow angle 𝜑 indicating the secondary vortices of EXP and 

CFD are consistent for both the vane and rotor outflow, which implies the accuracy of numerical prediction on the 

secondary loss by end-wall passage vortices and by mixing of tip leakage flow and free stream. Figure 4 (c) shows the 

convergence history of shroud cavity outlet with conventional labyrinth seal, and the monitor of mach number represents 

that the period of interaction of leakage jet and main flow is basically calculated with fluctuations with higher frequency. 

In the following calculations, number of vanes is swift into 31 from 28 for the unsteady simulation of shrouded turbine.  

Table 1 Geometry Details of Rotor Blades and Flow Conditions 

Geometry Parameter Value 

Number of Blades 31 

Clearance, τ/ mm 0.5 

Blade Tip Chord, C/ mm 58.6 

Blade Tip Axial Chord, Cx/ mm 33.1 

Hub Radius, R1/ mm 175 

Tip Radius, R2/ mm 250 

Flow Conditions Value 

Inlet Average Velocity, Vin/ m·s-1 4.47 

Inlet Total Temperature, Ttotal,in/ K 300 

Outlet Average Static Pressure, P2/ Pa 105000 

Reynolds Number 3.5×104 

Rotating Speed, Ω/ rpm 402 
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(a) Flow Angle of Nozzle Outlet (b) Flow Angle of Rotor Outlet 

 

(c) History of Convengence of Shroud Cavity Outlet 

Figure 4 Comparison of Flow Angle in Absolute Frame between CFD and Experiment 

Equations 

One of the most important puspose of labyrinth seal investigation is to improve the sealing effect, valued as the 

leakage mass flux. The leakage fraction is defined in equation (1), where �̇�𝑙𝑒𝑎𝑘 and �̇�0 is respectively referred to the 

leakage mass flow rate and total mass flow rate. 

0
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m
=  . (1) 

The sealing effect of different labyrinth arrangement would eventually result in the improvement of isentropic 

efficiency, which is calculated by ratio of total enthalpy drops between real and ideal condition without entropy 

generation, shown in equation (2). 
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The total pressure loss of tip shroud leakage evaluated in the present turbine design process is based on the work 

extraction of leakage mass flow. The leakage fraction is still able to be evaluated based on the pressure decrease and the 

fin number of labyrinth seal. 

Δ𝑃𝑙𝑒𝑎𝑘 =
2�̇�𝑙𝑒𝑎𝑘

�̇�0

𝜌

2
𝑉𝑎𝑏𝑠,2
2 = 𝐿𝐹𝜌𝑉𝑎𝑏𝑠,2

2 =
𝜌

�̇�0

√2(𝑃𝑠𝑡𝑎𝑡,2−𝑃𝑠𝑡𝑎𝑡,1)

𝑛
𝑉𝑎𝑏𝑠,2
2   (3) 

The total pressure loss in the numerical simulation is calculated by the substraction of total pressure at rotor inlet 

and outlet. 

Δ𝑃𝑙𝑒𝑎𝑘 = 𝑃𝑟𝑒𝑙,𝑡𝑜𝑡𝑎𝑙,2 − 𝑃𝑟𝑒𝑙,𝑡𝑜𝑡𝑎𝑙,1 (4) 
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The viscous loss is used to analyze the debt of aerodynamic efficiency. In this paper, the coefficient, 𝜉𝑡𝑜𝑡 is 

defined by the stagnation parameter as the ratio of entropy loss work defined in equation (5), derived by (Zlatinov, 

2012). 

𝜉𝑡𝑜𝑡 =

𝑐𝑃[𝑇𝑡𝑜𝑡
𝑚𝑎−𝑇𝑡𝑜𝑡,𝑖𝑛

𝑚𝑎 (
𝑃𝑡𝑜𝑡,2
𝑤𝑎

𝑃𝑡𝑜𝑡,0
𝑤𝑎 )

𝛾−1
𝛾
]

�̇�𝑐𝑃𝑇𝑡𝑜𝑡,𝑖𝑛
𝑚𝑎 [1−(

𝑃𝑡𝑜𝑡,2
𝑤𝑎

𝑃𝑡𝑜𝑡,0
𝑤𝑎 )

𝛾−1
𝛾
]

   (5) 

The secondary loss associated with the velocity components in the cylindrical plane at rotor tip is represented as the 

normalized secondary kinetic energy coefficient, 𝐶𝑆𝐾𝐸, associated with radial migration and the tangential velocity 

component deviation in the S1 surface of mixed flow, is defined in equation (6) 
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The static pressure difference is the main driving force of the gas. In this paper it is undimensionlized by the 

averaged kinetic pressure in turbine outlet. 
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The leakage flowrate of different positions in one periods in this paper is defined by equation (8), which evaluates 

the area-averaged mass flow flux. 
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The total entropy is nondimensionalized in equation (9), where 𝑇𝑎𝑣𝑒 is the averaged effective temperature for 

entropy generation by (Zaltinov, 2012). 

, ,

, 2

0 , ,0 , 0

2
ln ln

tot abs tot absave P
tot norm g

tot abs tot abs

T PT C
S R

V T P

    
= −        

    ，

. (9) 

RESULTS AND DISCUSSION 
Primarily loss mechanisms 

The research in this paper represents the study for the shrouded turbine performance improved by staggered labyrinth 

seal. Sealing performance is one of the most concerned characteristics which is represented as the leakage fraction, 𝐿𝐹, 

defined in equation (1). The comparison among cases with different labyrinth seal on leakage fraction 𝐿𝐹 and stage 

efficiency, 𝜂𝑖𝑠𝑒𝑛, defined in equation (2), is shown in figure 5. The baseline case in this paper refers to the shrouded turbine 

without leakage mass flow rate, consisting of rotating casing and non-rotating tip shroud, shown in figure 1.  

As shown in figure 5, the case of baseline with no leakage fraction has the highest aerodynamic efficiency of 88.4%. 

Compared with the ideal baseline case, the isentropic efficiencies of shrouded turbine with conventional and labyrinth seal 

cavity calculated by time-averaged results are decreased observably because of shroud cavity leakage. In practical 

aerodynamic design, the declined efficiency stands for the margin left for reaching the terminal goal. The leakage fraction 

of staggered labyrinth seal cavity is 0.35% lower than that of conventional labyrinth seal structure, with the 0.52% 

improvement of isentropic efficiency. The comparison of theorical prediction and numerical simulation of leakage mass 

flow related loss is provided in table 2. Based on the equation (3), the ratio of total pressure loss of different labyrinth 

configurations is proportional to ratio of leakage mass flowrate, and is propotional to the square root of the ratio of numbers 

of fins. According to equation (4), the total pressure loss of simulation is the difference of total pressure in turbine rotor 

inlet and outlet. Therefore the simulated total pressure loss caused by leakage is the difference of total pressure loss of 

baseline case and the two shrouded cases. In table 2, ratio of leakage fraction is close to the theorical predicted value based 

on square root of ratio of numbers of fins. However, the decreased total pressure loss of staggered labyrinth seal cavity 

relative to conventional fins configuration is larger in the simulated value. It is other factors controlling the nonlinear 

viscous dissipation for the cavity flow that optimize the aerodynamic performance for the arrangement of double-side fins 

in tip shroud cavity. 
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Figure 5 Variations of Isentropic Efficiency and Leakage Fraction for Baseline, Conventional 

Labyrinth, Staggered Labyrinth 

 

Table 2 comparison of ratio of leakage fraction and between predicted value and simulated value 

 Value of Prediction Value of Simulation 
𝑛𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙
𝑛𝑠𝑡𝑎𝑔𝑔𝑒𝑟𝑒𝑑

 2/5 2/5 

𝐿𝐹𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙
𝐿𝐹𝑠𝑡𝑎𝑔𝑔𝑒𝑟𝑒𝑑

 0.6325 0.6356 

Δ𝑃𝑙𝑒𝑎𝑘,𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙
Δ𝑃𝑙𝑒𝑎𝑘,𝑠𝑡𝑎𝑔𝑔𝑒𝑟𝑒𝑑

 0.7306 0.6356 

 

To elucidate the aerodynamic loss mechanisms associated with the cavity flow, the assessment for the accompanying 

viscous loss of different blade tip structures is provided in figure 6, with the total loss coefficient defined in equation (5). 

The profiles of loss accumulated in different cases are the same upstream the shroud cavity inlet and begin to diverge 

observably downstream the first casing fin (CF1). The baseline case accumulates the minus viscous loss while the case 

with conventional shrouded turbine calculates the most, consistent with the previous efficiency comparison in figure 5. The 

optimization for viscous loss of the staggered labyrinth case to conventional labyrinth case occurs downstream the first 

shrouded fin (SF1), indicating the expansion controlled by the additional fin. The increament aerodynamic loss of each 

case starts to increase rapidly downstream the rotor trailing edge due to the interaction of leakage jet and main flow (2016). 

It is the merge of boundary layer in pressure and suction surface that results in the aerodynamic viscous loss for the baseline 

case. However for the both shrouded cases there is more viscous loss generated by mixing between the leakage jet and 

main flow after the shroud outlet gaps, based on which the secondary flow at rotor outlet is supposed to be analyzed. 
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Figure 6 Axial Profile of Loss Accumulation for Baseline, Conventional Shroud and Staggered 
Labyrinth Seal Cavity Shroud Configurations 

 

The spanwise mass and time-averaged kinetic parameters above 50% span are compared in figure 6. M1 and M2 are 

the planes set respectively upstream the tip shroud trailing lips and downstream the shroud cavity outlet gaps. Deviation 

angle, 𝜃𝑑𝑒𝑣 is the difference value between spanwise mass and time-averaged exit flow angle and blade outlet angle. 

Based on the free vortex stacking method (Matsunuma, 2007), the distribution of blade outlet yaw angles is calculated by 

design flow angles at hub, midspan and shroud side of the rotor blade. As the definition shown in equation (6), distribution 

of secondary kinetic energy coefficients, 𝐶𝑆𝐾𝐸, represents the integral evaluation of pitch angle and deviation yaw angle. 

Figure 7(a) shows the little difference in spanwise secondary kinetic energy distribution for all the three cases at M1 at 60-

85% span and the slight increase at 85-100% span for cases with cavities. It may be the reentering flow of cavity inlet and 

leakage jet of cavity outlet that strengthens the secondary flow structure in main flow inside rotor blade passages. 

Furthermore, little difference of 𝐶𝑆𝐾𝐸 distributions of the two shrouded cases in figure 7 (a) indicates the controlling of 

cavity flow structures resulting in the reduced viscous dissipations of shrouded turbine with staggered fins in figure 6. In 

figure 7 (b) and (c), the red and blue lines show the observably decreased deviation for yaw and pitch angles in the case 

wtih staggered labyrinth seal cavity after the mixing of leakage jet and main flow compared with conventional labyrinth 

seal case. The following sector is going to provide relevant detailed analysis in the flow structure in shroud cavity 

influenced by staggered labyrinth seal cavity geometry. 

 

 

 
(a) Spanwise Secondary Kinetic 

Energy Coefficients at M1 

 
(b) Spanwise Deviation Angles 

at M2 

 
(c) Spanwise Pitch Angles at 

M2 

Figure 7 Comparison of Secondary Kinetic Energy Coefficient at M1, Deviation Angle and Pitch 
Angle at M2 for Baseline, Conventional Shroud and Staggered Labyrinth Seal Cavity Shroud 

Configurations 
 

Dynamic Mechanisms of Cavity Flow 

For the understanding of the cavity flow affected by different labyrinth fin arrangements, the effect of double shroud 

fins (SF) and triple casing fins (CF) on the axial profiles of inner flow fields in tip shroud cavity is shown in figure 8 and 

9. As shown in figure 8, parameters of static pressure coefficient, axial velocity components normalized by absolute 

velocity at turbine outlet, and the yaw angle along the axial direction are compared. The cavity flow goes downstream 

isopiestically in each sub-cavity for both the different tip shroud cavity seal structures. The overall pressure difference is 

same for both cases and is respectively divided into three and six levels by conventional and staggered fins averagely. 

Cavity flow keeps turning in positive direction and the yaw angle and axial velocity component fluctuates at each sub-

cavity. Under the effect of the isenthalpic throttle, fluid inside cavities flows through the fin gaps with the rapidly reduction 

of static pressure and the accleration of the axial movement. It is clear that the mass flow averaged axial and circumferential 

velocity of cavity flow with staggered labyrinth seal make little difference with conventional labyrinth seal. The impact on 

the dynamic energy loss is improved little by staggered labyrinth fins, so that it is the dissipation of flow structure controlled 

by staggered labyrinth seal that dominates the viscous loss of cavity flow. 

Black arrows in figure 9 show the cavity leakage flow moving up and down with toroidal vortices. Because of the fins 

installed inversely of staggered labyrinth configuration, the leakage flow passes through the fin gaps with reduced pressure 

ratio so that the leakage expansion of cavity flow in each sub-cavity is controlled. Secondary eddies in sub-cavities in figure 

9 (b) are observably reduced compared with that in conventional labyrinth seal cavity in figure 9 (a). Decreased viscous 
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dissipation occurs in staggered labyrinth seal arrangement due to reduced nonlinear interaction of toroidal vortex core and 

secondary eddy. 

 

Figure 8 Comparison of mass and time-averaged parameters in tip shroud cavity at different axial 
locations 

 

 

(a) Cavity Flow with Conventional Labyrinth Seal, 𝜃/𝜃𝑝𝑖𝑡𝑐ℎ = 0.5 

 

(b) Cavity Flow with Staggered Labyrinth Sea l, 𝜃/𝜃𝑝𝑖𝑡𝑐ℎ = 0.5 

Figure 9 Comparison of Normalized Circumferential Vorticity Characteristics at the Mid Pitch Plane 
 

The space-time diagrams for the signals of static pressure coefficient and yaw angles at each fin gaps for different 

labyrinth seal cavities are compared in figure 10. The unsteady characteristics of cavity flow passing through fin gaps 

provide the evidence of reduced cavity flow structure oscillation. At the fin gaps close to the cavity inlet and outlet as 

shown in the gaps of SF1 and SF2 in figure 10 (a) and the gaps of CF1 and CF3 in figure 10 (b), the cicumferential 

distributions of dynamic parameters of static pressure coefficient and yaw flow angle are observably devided into regions 

of high and low value, identical with the two blade passage period in the left figure. Phase lag happens for static pressure 

distribution at CF1 in figure 10 (b) relative to SF1 in figure 10 (a), resulted by the controlled toroidal vortex by additional 

casing fin in figure 9 (b). No obvious phase lag for yaw angles occurs for staggered labyrinth seal, implying the 

configuration of toroidal vortex right downstream cavity inlet gap is dominated by ingestion flow from main flow. So the 

the reduced viscous loss of cavity flow with staggered fins downstream SF1 in figure 6 is mainly because of the 

optimization of the cavity vortices in sub-cavities. 

In figure 10 (b), the decreased pressure ratio from the double-side fin arrangement lead to the viscous flow with low 

energy with the strengthened oscillation of parameters horally and spatially. According to the research by Martinez et 

al.(2012), it is the oscillations of cavity flow with high frequency decays rapidly and thus the flow structure is forced to 

stable, leading to the improved viscous dissipation and decreased enstrophy generation (Miyoshi et al. 2013). In figure 11, 

the phenonmena of static pressure coefficient defined in equation (7) oscillation of different frequency from dynamic mode 

decomposition (DMD) analysis is provided. The left graphes in each subimage are the fluctuations of static pressure 

reflected on the wall of turbine casing side with the right graphes on the tip shroud side. Figure 11 (a) represents the 

averaged cavity flow field distribution with static pressure decreasing by steps. Figure 11 (b) and (c) are the shots of 

unsteady static pressure fluctuations with the frequency of one and two times of blade passing frequency. Impinging on the 

aft wall by toroidal vortices with high frequency and the circumferential migration of cavity flow results in the static 
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pressure fluctuations in staggered labyrinth seal cavity shown in figure 11 (b) and (c). Upstream the first casing fin and 

downstream the last casing fin, the static pressure of flow field is influenced by the potential flow field of main flow 

respectively of vane and rotor passages in figure 11 (b) and (c), thus generating the irregular circumferential distribution. 

In sub-cavities, self-sustained oscillation of toroidal vortices in staggered labyrinth seal cavity is generated with less viscous 

loss, compared with interaction of toroidal vortices and secondary eddies in conventional labyrinth seal cavity (Nair et al, 

2016). For futher exploration of flow mechanisms, analysis of flow details at shroud inlet and outlet is given in the next 

sector. 

 

 

(a) Space-time Diagrams of Static Pressure Coefficient and Velocity Yaw Angle at Mid of the First 
and Second Shroud Fin Gaps in Conventional Labyrinth Cavity 

 

(b) Space-time Diagrams of Static Pressure Coefficient and Velocity Yaw Angle at Mid of the First 
and Second Shroud Fin Gaps and the First, Second and Third Casing Fin Gaps in Staggered 

Labyrinth Cavity 

Figure 10 Space-time Diagrams of Static Pressure Coefficient and Velocity Yaw Angle at Mid of Fin 
Gaps in Conventional and Staggered Labyrinth Seal Cavities 
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               Tuebine Casing Tip Shroud 

(a) Mode 0 (0 Blade passing frequency) 

 
               Tuebine Casing Tip Shroud 

(b) Mode 1 (1 Blade passing frequency) 

 
               Tuebine Casing Tip Shroud 

(c) Mode 2 (2 Blade passing frequency) 

Figure 11 DMD Diagram of Static Pressure Coefficient on Turbine Casing and Rotor Tip Shroud for 
Staggered Labyrinth Seal Cavity 

 

Effects of Labyrinth Seal Configuration on the Interactions of Cavity Flow and Main Flow 

Further understanding of the effect of cavity geometries on the interaction of cavity flow and main flow at shroud 

cavity inlet and outlet gaps is necessary. The comparison of circumferential distributions of leakage mass flowrate and 

contours in static pressure coefficient and normalized velocity respectively at cavity inlet gap and outlet gap is provided in 

figure 12. The local mass flowrate, 𝑚𝐹 defined in equation (8) represents the ingestion in shroud cavity inlet and the 

leakage flux in shroud cavity outlet. The static pressure coefficient contours on figure 12(a) show the driving force of 

leakage flow between main flow and cavity flow structure. Combined with the line graph of figure 12(a), The leading edge 

of rotor observably divides the pressure distribution in one period. The high-pressure flow field on the pressure side of 

blade passage allows for the fluid ingression of cavity inlet gap, while the low-pressure flow region on the suction side 

leads to the reentering mass flowrate for both the labyrinth arrangements. The higher negative static pressure coefficient 

and lower positive pressure distribution of cavity inlet gap of staggered labyrinth seal arrangement in the contours of figure 

12(a) results in the less ingression mass flowrate and greater reentering mass flowrate of fluid. Restrained cavity vortices 

of staggered labyrinth seal in figure 13 represent the relative flow structure for increased reentering mass flowrate. 

The normalized velocity contours on figure 12(b) show the influence of labyrinth arrangement on shroud leakage jet. 

The high region of 𝑉𝑟𝑒𝑙/𝑉𝑎𝑏𝑠,2 in contours accounts for the local strong leakage jet into the main flow, while the low 

region stands for the blocked area. Wakes of blades are represented by black dashed arrows and the shear regions of shroud 

leakge jet affected by wakes are circled by ellipses, generating the longest distance blocking the leakage in axial direction 

due to the ingestion of high pressure field. Therefore the effect of rotor wakes leads to the local lowest mass flowrate 

circumferentially in the line graph. For the conventional labyrinth seal, the circumferential leakage mass flowrate 

distributes regularly, with the maximum leakage mass flow at the mid pitch of trailing edges, identical with the experimental 

results of (Pfau, 2007). In comparison, the shear effect caused by the interaction of rotor wakes and cavity leakage jet is 

observably stronger for staggered labyrinth seal, and the circumferential distribution of leakage mass flow is apparently 

affected by the blockage in the above contour. It is inferred from figure 8 and 9 that the additional casing fin introduce the 

leakage flow to the shroud cavity outlet gap directly with less room of expansion. The delayed cavity flow expansion leads 

to the greater value of axial velocity component and the lack of radial displacement results in the decreased circumferential 

friction for staggered labyrinth seal, so the interaction of leakage flow and main flow becomes more complicated in 

circumferential distribution. Therefore the analysis of flow structure at different circumferential positions in figure 14 is 

key to strengthen the understanding of the three-dimensional fluid and leakage flow related secondary flow loss. 
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(a) Comparison of Static Pressure Coefficient 
and Leakage Mass Flowrate at Cavity Inlet 

(b) Comparison of Normalized Velocity and 
Leakage Mass Flowrate at Cavity Outlet 

Figure 12. Contours of Static Pressure Coefficient at the Cavity Inlet and Circumferential Averaged 

Distributions of Leakage Mass Flowrate at the Cavity Inlet and Outlet for Different Labyrinth Seal 

Cases 

The comparison of surface streamlines and local radial driving force on flow ingression at cavity inlet gaps respectively 

on A1 plane on pressure side (𝜃/𝜃𝑝𝑖𝑡𝑐ℎ = 0.25), and A2 plane on suction side (𝜃/𝜃𝑝𝑖𝑡𝑐ℎ = 0.90) are shown in figure 13(a). 

The positions are announced in figure 12(a), and the driving force is defined as normalized radial static pressure gradients. 

As is clear to known, the driving force of the stream with the negative number of pressure gradient orients to positive radial 

direction. Figure 14 compares the radial velocity component normalized by absolute velocity of turbine outflow and local 

streamlines at cavity outlet at B1 (𝜃/𝜃𝑝𝑖𝑡𝑐ℎ = 1.14), B2 (𝜃/𝜃𝑝𝑖𝑡𝑐ℎ = 1.46), B3 (𝜃/𝜃𝑝𝑖𝑡𝑐ℎ = 1.76) planes in figure 12(b), 

which is set respectively at the trough and two other peaks in leakage mass flowrate fluctuation in staggered labyrinth seal 

cavity outlet gap. The level of negative radial velocity component stands for the leakage flow injected to the main flow. 

In figure 13, the low-energy rotor casing inflow is pumped into cavities due to the radial positive pressure distribution 

and splits into four streams. The first one bends afterwards and mixes with the ingress flow, forming the twin-cavity 

vortices; the second one bends forward for the generation of the counter toroidal vortex under the radial unfavorable 

pressure gradient; the last two streams marked as arrows with different color respectively represent the cavity leakage flow 

passing the fin gaps by red, and the reentering flow into the mainstream by black. Figure 13 (a) and (b) shows the additional 

casing fin intercepts the axial movement of cavity flow, thus forming the stronger counter toroidal vortex at A1 in staggered 

labyrinth seal cavity, verified by the stronger radial pressure gradient marked in black block that reforce the vortex core. 

Two-dimension radial leakage flow path becomes limited and the local radial driving force gets reduced, explaining the 

peak leakage mass flowrate in figure 12 (a). At the location of A2, the reentering flowrate in cavity inlet gap reaches the 

highest. It is noticeable that there is little difference on the positive static pressure gradient that drives the radial movement 

of reentering flow in both figure 13 (c) and (d), indicating the reentering flow is mainly driven by the counter toroidal 

vortex, which begins to dissipate under the circumstances that the radial pressure gradien becomes neglectable, based on 

the model of numerical investigation by (Lee, 2001). In figure 13 (c), with the circumferential position increased, counter 

toroidal vortex keeps expanding by inhaling the ingestion mass flow together with the axial movement of twin cavity 

vortices core. In figure 13 (d), however, the casing fin impedes the downstream movement of flow structure and strengthen 

the dissipation to the mainstream, and the vortex-vortex interaction is so strong that the twin cavity vortex in staggered 

labyrinth seal is pushed to breakdown. The reentering flow into the mainstream is inhaled by the horseshoe vortex on the 

suction side of blades, where the larger amount of mixed flow strengthens secondary flow structure on staggered labyrinth 

seal cavity in figure 13 (d). 
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(a) Conventional, 𝜽/𝜽𝑷𝒊𝒕𝒉 = 𝟎. 𝟐𝟓 (b) Staggered, 𝜽/𝜽𝑷𝒊𝒕𝒉 = 𝟎. 𝟐𝟓 

  
(c) Conventional, 𝜽/𝜽𝑷𝒊𝒕𝒉 = 𝟎. 𝟗𝟎 (d) Staggered, 𝜽/𝜽𝑷𝒊𝒕𝒉 = 𝟎. 𝟗𝟎 

Figure. 13 Details of Different Circumferential Meridional Plane at Cavity Inlet 

 

Overall, in figure 14, the fluid in both cases is driven passing fin gaps by the static pressure differential divides up into 

toroidal vortices and the leakage jet to main flow. Higher radial velocity component of cavity leakage jet occurs in the 

larger axial position in shroud cavity outlet gap, identical with the contours in figure 12 (b). The normal radial velocity 

level of cavity outlet in figure 14 (b), (d) and (f) is clearly weaker than that in figure 14 (a), (c), and (e), resulting in the 

reduced size of mixing vortex as secondary flow loss structure in figure 14 and the reduced deviation angles in figure 7 (b) 

and (c). 

At the plane B1, the position of pressure side besides the rotor wake, the static pressure of main flow reaches the 

highest level, minimizing the local leakage mass flowrate in figure 12 (b). Counter vortices generated by the shear effect 

provide the blockage to the leakage jet. At the plane B2, the toroidal vortex 2 in figure 14(c) and twin-toroidal vortices in 

figure 14 (d) begin to dissipate into leakage flow with the leakage mass flowrate increasing. In figure 14 (c) and (d), the 

lateral vortices induced by the shear effect of the main flow and leakage jet occur upstream the shroud cavity outlet gap, 

resulting in the increased secondary kinetic energy coefficient relative to baseline case without a cavity in figure 7 (a). At 

position with close to the next blade trailing edge in the plane B3, the leakage mass flow flux of cavity flow with 

conventional labyrinth seal begin to drop from the peak and the leakage mass flowrate with staggered labyrinth seal, with 

the radial velocity reaching the highest level in figure 14 (e) and (f). For the reason that the leakage intensity is weaker, the 

lateral vortex of staggered labyrinth seal is clearly controlled for staggered labyrinth seal in figure 14 (d) and (f), explaining 

the decreased secondary kinetic energy above 95% span in figure 7 (a). Thererfore the lateral vortex in figure 14 (f) moves 

downstream and induces the reverse vortex, so that the large value of local velocity occurs in figure 12 (b) close to the 

upstream side of cavity outlet gap, leading to the irregular fluctuation of leakage mass flowrate. 
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(a) Conventional, 𝜽/𝜽𝑷𝒊𝒕𝒉 = 𝟏. 𝟏𝟒 (b) Staggered, 𝜽/𝜽𝑷𝒊𝒕𝒉 = 𝟏. 𝟏𝟒 

  
(c) Conventional, 𝜽/𝜽𝑷𝒊𝒕𝒉 = 𝟏. 𝟒𝟔 (d) Staggered, 𝜽/𝜽𝑷𝒊𝒕𝒉 = 𝟏. 𝟒𝟔 

  
(e) Conventional, 𝜽/𝜽𝑷𝒊𝒕𝒉 = 𝟏. 𝟕𝟔 (f) Staggered, 𝜽/𝜽𝑷𝒊𝒕𝒉 = 𝟏. 𝟕𝟔 

Figure. 14 Details of Different Circumferential Meridional Plane at Cavity Outlet 

 

Streamlines of secondary flow structure of rotor tip is shown in figure 15, which is dyed by normalized total entropy 

generation defined in equation (9). Reentering flow from the cavity inlet gap shown in figure 13 is inhaled into pressure 

side of horseshoe vortex, and in figure 15 (a) and (b) a small proportion of reentering flow is involved in pressure side of 

horseshoe vortex. The circumferential and radial pressure gradient drive the main flow migrating from blade roots to blade 

tips, and from pressure side of blade tips to the suction side of next blade tip, eventually merged into passage vortices. The 

little difference of the total entropy generation between the case with conventional labyrinth seal cavity in figure 15(a) and 

the case with staggered labyrinth seal cavity in figure 15(b), so that the secondary flow structures are affected slightly due 

to the leakage fraction less than 1%.  

   

 (a) conventional (b) Staggered 

Figure 15 Streamlines of Rotor Tip Secondary Structure in main flow 
 

Three-dimensional flow structure of cavity flow and relevant mixing due to the leakage jet is shown in figure 16. Black 

arrows show the directions of rotor tip flow in detail, and the ellipses in the left graph of figure 16(b) highligheten the 

reverse vortex at the outlet gap of staggered labyrinth seal cavity in figure 14. Lateral flow is the low-energy flow of tip 
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shroud boundary layer driven by the pressure side of horseshoe vortex and circumferential pressure gradient. The zoom-in 

graphs at the right side of figure 16 show the cylindrical mixing vortex of leakage jet and main flow. The reversed vortex 

in figure 16(b) clearly changes the leakge distribution of shroud outlet flow. Therefore the size of mixing vortex of 

staggered labyrinth seal shrouded turbine is reduced, resulting in the nonlinear optimization of total pressure loss. 

 

 

 

 
(a) Conventional 

 
 

(b) Staggered 

Figure 16 3D Streamlines of Mixing Structure and Cavity Flow Using Conventional and Staggered 
Seals 

 

 

CONCLUSIONS 
In the present work, the effect of the staggered labyrinth arrangement with double-side fins on the aerodynamic 

performance of low-pressure turbine is investigated by numerical simulation. The sealing effect performance and 

aerodynamic efficiency are improved by the configuration of staggered labyrinth seal, so that the margin of efficiency left 

for the overdesign is decreased. Flow structures in axial, radial and circumferential distribution for the flow field of 

staggered labyrinth seal for rotor shrouded turbine is discussed and the main conclusions of flow mechanisms are as 

follows: 
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(1) The structure of staggered labyrinth seal cavity has positive effect on the aerodynamic performance of shrouded 

low-pressure turbine. The total pressure loss generated by leakage fraction of massflow nonlinear factors as axial 

distribution of viscous dissipation of cavity flow is observably optimized by the staggered labyrinth seal. The 

secondary loss by interaction of cavity leakage flow and main flow is reduced by the redistribution of leakage jet. 

Eventually the burden for overdesign is reduced for the modern turbine design. 

(2) The additional casing fin right after the shroud cavity inlet hinders the growth of cavity toroidal vortex, preventing 

the vortex breakdown, introducing more reentering flow into the blade passages and thus optimizating the seal 

efficiency. Downstream the first casing fin and upstream the third casing fin, generation of the secondary eddies 

is controlled by staggered fins, combined with the large toroidal vortices occupying the sub-cavities. The self-

sustained oscillation of cavity flow is strengthened with the reduction of axial kinetic energy and viscous 

dissipation of cavity flow is thus reduced by the structure of staggered labyrinth seal. 

(3) The staggered labyrinth arrangement strengthens the obstruction to the cavity flow, resulting in increased 

circumferential mass flow migration and loss in momentum before mixing with main flow. The cavity flow enters 

the shroud cavity outlet with the turbine casing fin closer to the shroud outlet in axial and radial distances. The 

delayed dilation after the constriction lead to higher circumferential momentum and the lack of radial acceleration 

lead to less radial momentum into the main flow. In the main flow of rotor outlet, secondary flow structures such 

as lateral flow and mixing vortex respectively upstream and downstream the shroud outlet gap is controlled. The 

vortices introduced by the shear interaction inside the shroud outlet gap redistribute the leakage jet and thus the 

insertion of cavity flow into the main flow is smoother than with conventional labyrinth seal, leading to the 

controlled mixing structure. Overall the model of optimization of tip shroud cavity flow with staggered labyrinth 

leakage of the low-pressure turbine is more complicated than the linear leakage fraction model in current loss 

evaluation in turbine design. The arrangement of staggered labyrinth seal in this paper reduce the total pressure 

loss not only by seal optimization, but also by controlling the viscous dissipation of cavity flow and decreasing 

the secondary flow loss of mixing of leakge jet and main flow. 

NOMENCLATURE 

LF Leakage Fraction 

η isentropic efficiency 

CP static pressure coefficient 

Cax axial chord 

CSKE 
secondary kinetic energy 

coefficient 

γ Pitch angle 

m mass flow 

n Number of fins 

S total entropy generation 

V velocity 

 𝜑 Yaw Angle 

s axial length 

T Period 

Subscripts 

abs coordinate of absolute frame 

rel coordinate of rotation frame 

0 turbine inlet 

1 turbine rotor inlet 

2 turbine outlet 

R radial direction of cylindrical coordiante 

A axial direction of cylindrical coordiante 

θ circumferential direction of cylindrical coordiante 

stat static parameter 

tot total parameter 

tip geometric parameter of rotor tip 

str streamwise component 

norm normalized parameter 
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cavin cavity inlet 

cavout cavity outlet 

F leakage flowrate 

SKE secondary kinectic energy 

isen isentropic parameter 
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