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Labyrinth seals are elements commonly used in turbomachinery to reduce the hot flows 

leakages through the unavoidable gaps separating the blade tips and the facing stator parts. 

These leakages, as well known, are responsible, under the same fuel consumption, for a lower 

turbine and compressor efficiency resulting in a reduced engine performance. For this reason, 

a lot of researches, available in the literature, are devoted to the study and optimization of these 

elements, usually performed by means of Computational Fluid Dynamics (CFD) numerical 

models. To verify and improve the CFD simulations accuracy, experimental results, usually 

obtained by designing ad hoc tests and focused on the sealing region, are necessary. In the 

present work the experimental tests are carried out by using a Test Article (TA), representing 

one entire turbine stage and the next stator. The data, provided by experiments, are used to 

tune a fluid and thermal model reproducing the phenomena taking place in the TA. In 

particular, those results which describe the flow splitting in the sealing region can be used to 

measure the effectiveness of a given labyrinth seal configuration. In this way, it is possible to 

verify the reliability of a CFD model representing the same labyrinth seal.  
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1. INTRODUCTION

Due to the relatively simple design and low costs, different 

kinds of seals [1, 2], both traditional and new generation, are 

used, in compressors and pumps [3] as well as in steam and 

gas turbines. In gas turbines seal are used to minimize the 

leakage flows crossing the clearance, i.e. the unavoidable gap 

between the rotor and the static components facing the blade 

tips. 

These leakages affect at a large extent, not only the overall 

efficiency of the engine, but also the turbine thermal behavior. 

For this reason, the effectiveness of the sealing systems must 

be evaluated not only referring to their fluid dynamic 

performances, but also examining carefully the thermal 

behavior that each kind of sealing exhibits and the related heat 

transfer to the turbine statics components (shroud, casing, etc.). 

In the last decades, many studies have been carried out 

concerning the fluid dynamic performances of the labyrinth 

seals, which are usually characterized by smooth or 

honeycomb stators. Despite this, and the fact that the seals are 

commonly used in gas turbines, as well as in the steam turbines 

and rotary compressors, the researches have been mainly 

devoted to the evaluation of the discharge coefficient while 

relatively few studies have been carried out about the thermal 

behavior of the labyrinth seals.  

The numerical studies, available in the literature, are mainly 

performed by using the CFD in order to highlight the details 

of the flow and to evaluate the amount of leakages.  

The need for a tuning of the numerical models is usually 

satisfied by performing ad hoc experiments or by referring to 

the experimental and numerical data that are provided by other 

authors.  

CFD tests, on both straight-through and stepped labyrinth 

seals, were performed by Schramm et al. [4], comparing the 

numerical values of the discharge coefficient, which they 

evaluated, with experimental data.  

Asok et al. [5] carried out CFD analyses on labyrinth seals, 

to optimize the geometry of the cavity in the case of straight 

labyrinth seal.  

Denecke et al. [6] numerically tested a stepped labyrinth 

seal, with honeycomb, to predict windage heating, velocity 

profiles and exit–swirl, obtaining a very good agreement with 

the available experimental results. 

CFD analyses, concerning labyrinth seals in both smooth 

and honeycomb configuration, are presented also by Yan et al. 

[7-11]. The outcomes of their numerical analyses were 

compared with the experimental data available in the papers 

by Denecke et al. [6, 12].  

Chougule et al. [13] focused their CFD numerical tests on a 

model with a staggered honeycomb land and straight teeth 

with an inclined notch. The numerical results showed a very 

good agreement with the data provided by Stocker [14], 

allowing the authors to conclude that with the analyzed 

configuration it was possible to achieve a 17% reduction in 

leakage flow compared to the conventional base configuration. 

The numerical model proposed by Vermes [15] has been 

analyzed by Micio et al. [16], using experimental data obtained 

by performing tests at different clearance sizes and pressure 

ratios. On the basis of these comparisons the authors proposed 

a more accurate numerical model than the one described in the 

paper by Vermes.  

In the present paper the authors introduce a different 

procedure to verify the accuracy of their CDF simulations. To 

perform this verification a honeycomb labyrinth seals was 

chosen both because it is commonly used in turbomachinery 

and because it is the one available in the experimental test 
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bench. In particular the CFD analysis, presented here, refers to 

the evaluation of the discharge coefficient of a stepped 

labyrinth seal with a honeycomb stator, which is performed at 

different pressure ratios. The reliability of CFD results is 

verified comparing them with those obtained by running two 

other numerical models, which represent the thermal and fluid 

behavior of one stage of a Low Pressure Turbine (LPT).  

These last two models, Thermalcase models, numerically 

reproduce the fluid-thermal response of a Test Article (TA), 

designed to work in similitude with an actual turbine.  

The procedure used consists first of all in tuning the TA 

models, on the basis of the available experimental data, and 

then in using the TA fluid models to evaluate the flow split in 

the honeycomb labyrinth seal region. This flow split is finally 

compared with that expected using the CFD model.  

Overall the purpose of this analysis is a preliminary 

evaluation of the method used to allow authors, in the near 

future, to study alternative geometries for the labyrinth seals.  

These possible alternative patterns, at least at the beginning, 

could be obtained by fixing the density of the material that 

constitutes the seal (i.e. the voids to solid ratio), that is of 

primary importance when rubbing occurs, and changing the 

shape of the cells (e.g. number and shape of the sides).  

 

 

2. TESTING FACILITY  

 

2.1 Thermalcase rig and TA 

 

The rig Thermalcase, shown in Figure 1, has been designed 

and set up at the Energy Department of the Politecnico di 

Torino [17].  

 

 
 

Figure 1. Thermalcase testing facility  

 

The TA, which can work with air at high temperature, 

represents an angular sector of a modern aeronautical LPT, 

opportunely scaled to obtain non-dimensional group values 

(Reynolds, Nusselt, Biot, Fourier and Mach numbers) in the 

typical ranges of these engine parts [18]. 

Although the TA is neither axisymmetric nor rotating, its 

design reproduces the LPT geometry in detail, in particular the 

region near the tip clearance, i.e. the gap between the fin tip 

and the honeycomb land stator, shown in Figure 2. 

The main purpose of this rig is to perform experimental tests 

that accurately characterize the heat transfer mechanisms and 

mass flow leakages that occur among these turbine 

components.  

In order to obtain an adequate representation of the pressure 

drop that occurs when the main hot flow interacts with the 

turbine blade, a flow restrictor (Figure 3) was placed under the 

blade tip, as shown in the cross section of the TA (Figure 4). 

This flow restrictor has been designed to achieve a fixed 

pressure drop between the inlet and outlet of the restrictor 

fixed equal to =1.1.   

 

 
 

Figure 2. TA honeycomb stator land 

 

 
 

Figure 3. Flow restrictor: CAD representation 

 

Figure 4 shows the main components and flows of the rig: 

the main hot flow, called Flow Path (FP), the Cooling (Coo), 

and the Active Clearance Control (ACC).  

 

 
 

Figure 4. TA main mass flow rates and components 

 

The maximum operating conditions for each flow line are 

reported in Table 1.  

In order to obtain a complete thermal mapping inside the 

TA, several sensors were installed (Figure 5): air 

thermocouples (25), metal thermocouples (40) and pressure 

gauges (17). The number of sensors was chosen with the aim 
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to provide an adequate thermal mapping for the tuning of the 

numerical model.  

 

Table 1. TA maximum operation conditions 

 
Line Temperature (K) Pressure (bar) 

Flow Path 873 2.2 

Cooling 573 2.2 

ACC 293 2 

 

 
 

Figure 5. TA instrumentation 

 

2.2 Thermalcase numerical model 

 

Two numerical models have been implemented and 

properly tuned to simulate the fluid-thermal phenomena that 

take place within the TA. The first, which reproduces the fluid 

network, is realized with the Flowmaster software, while the 

second, which performs the thermal analysis, uses the 

Patran/P-Thermal environment. The two models run in a 

coupled way with a two-loop iterative structure.  

The inner loop couples Flowmaster and Patran/P-Thermal: 

the first one supplies the mass flow rates and pressures, while 

the second calculates the temperatures. Once the inner loop 

has reached the convergence conditions the outer loop is 

started.  

This loop consists of the tuning of the pressures and the 

temperatures, on the basis of the available experimental data.  

 

2.2.1 Fluid network 

The approach used to model the flow field is the 1D fluid 

network. For the secondary ducts of the turbine this approach 

is more advantageous than a CFD analysis since it allows to 

considerably reduce the calculation time, while maintaining a 

good level of accuracy.  

 

 
 

Figure 6. Thermalcase fluid network 

 

In the present work the CFD analysis has been limited to the 

region of the labyrinth seal with the aim of providing more 

details about the vortex pattern in this region. 

The fluid network, shown in Figure 6, accurately replicates 

the geometry of the LPT stage and allows estimating all the 

leakages occurring among the several turbine components.  

The model reproduces only the cavities inside the Casing 

since the ACC flow does not require calculations during this 

phase and is therefore considered directly in the thermal model.  

 

2.2.2 Thermal model 

The model used to simulate the thermal behavior of the TA 

was realized with the finite element approach. The turbine 

components have been discretized with a 2D grid, composed 

of the 4-knots elements QUAD4.  

In order to obtain a more realistic model, the properties of 

the material (density and thermal conductivity) of each 

component have been properly scaled, considering void-solid 

ratio of the material in the direction of the depth of the TA. 

To integrate the thermal model with the fluid network in the 

FEM it is necessary to reproduce the latter also. Therefore the 

fluid network was represented using 1D elements with 2 nodes 

(advection bars). Each node and bar of the fluid network 

contains the flow field analysis outputs (pressure, mass flow 

rate).  

These data are used to calculate the heat transport and 

determine the direction of the air flow. Figure 7 shows the 

mesh of the 2D model with the fluid network.  

The thermal phenomena that take place in the TA involve 

all the heat transfer mechanisms. As usual, heat transfer by 

radiation was determined using the view factors of the 

different surfaces, while convection heat transfer between any 

fluid node and the solid elements was calculated through the 

proper convective heat transfer coefficients.  

A clarification is instead appropriate for the heat transfer by 

conduction. While conduction within any solid component has 

been calculated, as usual, using the thermal conductivity of the 

material, the heat transfer by conduction between two solid 

elements that are in contact has not been modeled as pure 

conduction, but as a mixture of conduction and convection.  

In this way, it was also possible to consider the leakages 

through the gaps between the turbine components.  

 

 
 

Figure 7. FEM model with fluid network 

 

2.2.3 Model tuning 

The tuning of the numerical models, discussed in details in 

a previous work [19], was carried out by using the data 

obtained during an experimental campaign. Table 2 shows, for 

the FP, Cooling and ACC the values of pressure, temperature 

and flow rate set at the TA inlet.  

 

Table 2. Experimental test matrix 

 
Flow Flow Path Cooling ACC  

Test 

# 

TFP 

[K] 

pFP 

[bar] 

�̇�𝑭𝑷 

[kg/s] 

TCoo 

[K] 

pCoo 

[bar] 

�̇�𝑪𝒐𝒐 

[kg/s] 

TACC 

[K] 

1 670 1.4 0.380 463 1.55 0.038 313 

2 682 1.8 0.423 463 2 0.042 318 

3 796 1.8 0.438 461 2 0.043 329 

4 808 1.8 0.442 569 2 0.044 336 

 

The procedure used consists of modifying the discharge 

coefficients (cd) of the fluid network, not to be confused with 
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the CD relative to the labyrinth seal in the CFD simulation, in 

order to act on the pressure field. This loss coefficient 

considers the effective area of passage of the flow evaluating 

the contraction of the fluid stream and the velocity through the 

passage section. A similar matching procedure is applied to the 

thermal model, for which the heat transfer coefficients are 

modified in order to reproduce the thermal field. The iteration 

is completed by running the inner loop with the coefficients 

modified until convergence is achieved. 

The iterative procedure ends when in each node the 

discrepancies between the numerical and experimental values 

of both pressures and temperatures result in the tolerance 

ranges.  

The range of tolerance p (experimental-numerical) for the 

pressures is shown in Eq. (1).  

 

𝑇𝑜𝑙∆𝑝 = 𝑚𝑎𝑥[0.05 ∗ (𝑝𝑖𝑛 − 𝑝𝑜𝑢𝑡) ; 𝐼𝑛𝑠𝑡𝑎𝑐𝑐] (1) 

 

where, the accuracy of the pressure sensor is Instacc =0.09 bar- 

The tolerance T (experimental-numerical) for the 

temperatures is shown in Eq. (2).   

 

𝑇𝑜𝑙∆𝑇 = 0.05 ∗ (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) = ±26 𝐾           (2) 

 

After the tuning, performed using the experimental data 

reported in Table 2, a good agreement between the numerical 

and experimental values was obtained. The relative percentage 

error, calculated using Eq. (3), indicates that the number of 

pressure sensors outside the tolerance is reduced from 62% to 

15%, with a maximum error of less than 1%. On the contrary, 

all the thermocouples are within the tolerance range, with a 

maximum error less than 4.5%, recorded in the Casing region.  

 

𝑒 =
𝑥𝑛𝑢𝑚−𝑥𝑒𝑥𝑝

𝑥𝑒𝑥𝑝
∗ 100                         (3) 

 

 

3. CFD ANALYSIS 

 

In addition to the previous procedure, a CFD approach was 

also followed. This method was applied only to the region of 

the TA labyrinth seal in order to investigate the leakage 

behavior in this area in more detail. In particular, the split of 

the mass flow rate between the restrictor and the fin tip region 

was evaluated, neglecting other minor leakages occurring in 

the surrounding zones. The software used is Ansys CFX 14.5, 

a code that improves convergence through a coupled solver 

with an algebraic multi-grid approach and a combined 

algorithm of finite volume and element. 

 

Table 3. Setup settings  

 
Outlet static pressure 1.01325 bar 

Total inlet temperature 873 K (Isothermal) 

Solution scheme Upwind – First Order 

Turbulence model k – ω 

y+ Automatic Wall Treatment 

Analysis Steady-state 

Fluid Air Ideal Gas (Sutherland) 

Turbulence intensity 5% 

 

The CFD analyses, which were focused on the fluid-

dynamics of a static labyrinth seal, were carried out with the 

isothermal option. The turbulence was modeled with the κ-ω 

method, which is suitable for studying the vortex pattern that 

arises in the seal cavity [20]. This approach has already been 

applied in a previous work [21], in which the numerical model 

has been validated on a geometry found in literature [9]. Note 

that the computational domain is periodical, based on a 4-

honeycomb-cell width. To ensure the correct split of the mass 

flow, the density of the holes in the restrictor, modeled on CFX, 

is the same as the TA restrictor. The setup settings are listed in 

Table 3, while the boundaries are shown in Figure 8.  

 

 
 

Figure 8. Boundary conditions 

 

The meshing grid (Figure 9) is a 3D composed by 2D 

extruded bodies. The elements chosen for the discretization are 

hexahedrons. Those regions, where high velocity gradients 

occur (such as clearances), are provided with a thickened grid, 

in order to improve the obtained solution.  

 

 
 

Figure 9. TA numerical model meshing 

 

Note that the honeycomb cells were discretized by using the 

Ansys CFX mesh feature Mapped Face Sizing, to obtain a 

more regular grid, as shown in Figure 10. The mesh contains 

about 6250000 nodes, with an average skewness of 0.06.  

 

 
 

Figure 10. TA numerical model meshing: honeycomb detail 

 

A typical parameter that is utilized to evaluate the efficiency 

of the labyrinth seal in reducing tip leakages is the discharge 

coefficient, defined as:  

 

𝐶𝐷 =
�̇�𝐶𝐹𝐷

�̇�𝑖𝑑𝑒𝑎𝑙
                                   (4) 
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In Eq. (4), the numerical simulations provide the estimated 

mass flow rate, while the ideal one is calculated using the 

formula reported in Eq. (5) proposed by Martin [22].  

 

�̇�𝑖𝑑𝑒𝑎𝑙 =
𝑝0∙𝐴

√𝑇0
∙ √

2𝛾

𝑅(𝛾−1)
∙ [(

1

𝛽
)

2 𝛾⁄

− (
1

𝛽
)

(𝛾+1) 𝛾⁄

]           (5)  

 

where,  is the ratio between the total inlet pressure, p0, and 

the static outlet pressure for the seal and T0 the total inlet 

temperature (see Table 3).  

 

 

4. NUMERICAL RESULTS 

 

Since the purpose of this work, as previously stated, is to set 

up a CFD model capable of numerically investigating the 

leakages in the labyrinth seal region, in what follows only the 

results obtained for this area will be discussed.  

The temperature sensors in this zone are the three metal (M#) 

thermocouples and the air (T#) thermocouple shown in Figure 

11.  

 

 
 

Figure 11. Thermocouples in the labyrinth seal 

 

The Thermalcase models have been tuned by applying the 

procedure, previously described, to the experimental test #3, 

shown in Table 2.  

The numerical and experimental values, after the thermal 

match, showed a good agreement, since all the temperature 

values were within the tolerance range (±26 K) even if we 

consider the accuracy (±0.1 K) of the K-type thermocouples 

used for the experimental measurements. Table 4 shows the 

numerical and experimental results for the selected 

temperature sensors together with the relative error, calculated 

with Eq. (3).  

 

Table 4. Test 3: Numerical vs experimental temperatures 

 
 Thermocouples  

(Honeycomb) 

Thermocouples  

(Fin Tip) 

 M9 M11 M8 T10 

𝑇𝑛𝑢𝑚 [K] 702.8 674.4 772.7 758.5 

𝑇𝑒𝑥𝑝 [K] 728.5 693.9 782.7 751.0 

𝑒 [%] -3.5 -2.8 -1.3 +1.0 

 

The thermal match performed on test #3 was verified on the 

other 3 tests reported in Table 2. Table 5 shows the results 

obtained.  

 

Table 5. Test 1, 2 and 4: numerical vs experimental 

temperatures 

 
  Thermocouples  

(Honeycomb) 

Thermocouples  

(Fin Tip) 
T

es
t 

1
  M9 M11 M8 T10 

𝑇𝑛𝑢𝑚 [K] 603.8 583.5 650.8 639.3 

𝑇𝑒𝑥𝑝 [K] 620.8 593.6 658.6 638.0 

𝑒 [%] -2.7 -1.7 -1.2 +0.2 

T
es

t 
2

  M9 M11 M8 T10 

𝑇𝑛𝑢𝑚 [K] 615.4 594.7 664.0 652.3 

𝑇𝑒𝑥𝑝 [K] 633.2 607.5 672.1 651.8 

𝑒 [%] -2.8 -2.1 -1.2 +0.1 

T
es

t 
4

  M9 M11 M8 T10 

𝑇𝑛𝑢𝑚 [K] 729.0 705.2 786.2 772.8 

𝑇𝑒𝑥𝑝 [K] 751.7 725.6 797.3 774.5 

𝑒 [%] -3.0 -2.8 -1.4 -0.2 

 

 
 

Figure 12. Thermalcase model: mass flow split 
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Figure 12 shows for test #3 the mass flow split that occurs 

in the fin tip region, which was used to validate the CFD model, 

and the two nodes used to calculate the pressure ratio across 

this region (β=1.1). The mass flow split is: 70.4% in the 

restrictor and 30% through the fin tip clearance. The sum of 

the two contributions is slightly higher than 100% because a 

very small amount of air, coming from the upper cooled cavity, 

is added to the portion of FP air that bypasses the fin tip.  

The boundary conditions used to run the CFD model are 

listed in Table 3. The pressure ratio used, 𝛽 = 1.1, is the one 

dictated by the design of the restrictor.  

Note that the inlet temperature of the FP represents the 

maximum operating value, slightly higher than the value 

recorded in Table 2 for the test#3. This difference is not 

relevant with respect to the split of the flow between the two 

configurations. 

The boundary conditions used to run the CFD model are 

listed in Table 3 while the inlet temperature for the FP and the 

pressure ratio are the same as in test #3.  

 

 
 

Figure 13. Mass flow split for the CFD model 

 

Figure 13 shows the mass flow split in the CFD model. The 

values �̇� (calculated at the inlet of the CFD domain) and �̇�𝐹𝑃 

(recorded at the inlet of the flow restrictor holes) are 

respectively the total FP mass flow rate and the FP portion 

passing through the flow restrictor. The leakage flow rate �̇�𝐿 

is calculated by subtraction when the two other values are 

known.  

The results obtained by running the CFD model with β=1.1 

are in a very good agreement with those provided by the 

Thermalcase model with 70.6% of the flow passing through 

the restrictor and 29.4% which bypasses the fin tip.  

The flow field in the cross section of the CFD model is 

shown in Figure 14. The model adequately reproduces all the 

phenomena typically recorded inside a labyrinth seals, as the 

carry over in the two fin tip regions and the flow expansion in 

the seal cavities.  

 

 
 

Figure 14. Flow field in the labyrinth seal region, =1.1  

 

The axial velocity gradient, located at the honeycomb 

interface, is plotted in Figure 15. This contour shows the 

acceleration of the air flow in the clearance regions and, thus 

the dissipative contribution related to the honeycomb cells 

near the fin tip. As already stated in previous works [4, 21], 

this contribution plays a key role in the carry over deflection, 

influencing the vortex pattern inside the seal cavity and the 

consequent energy dissipation.  

 

 
 

Figure 15. Axial velocity gradient, cells interface, =1.1 

 

The CFD analysis has been extended to other values of β, to 

highlight the effect of this parameter on the mass flow split 

and on the discharge coefficient. The results obtained are 

shown in Figure 16.  

 

 
 

Figure 16. Mass flow split and discharge coefficient vs 

pressure ratio, CFD results 

 

In Figure 16 it can be seen how the pressure ratio β has a 

negligible effect on the mass flow split. In fact, the leakage 

mass flow rate increases slightly from 29.4% when β=1.05, to 

30% with β=1.3. This variation is in agreement with the fact 

that the discharge coefficient shows a small increase with β, 

which means that the labyrinth seal is less dissipative at higher 

pressure ratios. This trend is also in agreement with other 

literature studies. 

 

 

5. CONCLUSIONS 
 

The present work illustrates the procedure used to verify the 

accuracy of a CFD model to be used in the near future to 

evaluate alternative labyrinth seals geometries to the 

honeycomb pattern. This procedure uses the experimental data 

obtained with the Thermalcase testing facility. This rig, 

designed at the Politecnico di Torino, is adequately scaled to 

reproduce an LPT stage. It is equipped with both air and metal 

thermocouples and pressure gauges, which allow for accurate 

fluid and thermal mapping.  
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The first part of the procedure refers to a 1D fluid network 

and a 2D thermal model, respectively developed with the 

Flowmaster and Patran/ P-Thermal software. These two 

integrated models have been implemented in order to represent 

the Test Article and show an iterative loop structure.  The 

models were tuned using experimental measurements 

provided by the thermocouples and pressure gauges installed 

inside the TA.  

After the tuning procedure, the models have exhibited a 

good agreement with the experimental data, satisfying the 

tolerance criteria set for the pressure and temperature values.  

Following this analysis, which provided a complete 

overview of the phenomena occurring within the TA, more 

detailed investigations were focused on the leakage flow in the 

labyrinth seal region, since, in recent years, this aspect has 

become significant in optimizing turbine efficiency.  

The tool used to perform this study is a CFD numerical 

model, developed with Ansys CFX. Initially it was necessary 

to validate this model by referring to the experimental data. 

The validation was accomplished by comparing the mass flow 

splits (FP and leakage flows) evaluated using the CFD model 

with the same values provided by the tuned fluid network.  The 

two models were in a very good agreement.  

Subsequently, the CFD model was used to analyze the flow 

field within the labyrinth seal and to evaluate the discharge 

coefficient at different pressure ratios. The results obtained 

have shown that this numerical model is able to accurately 

reproduce both the carry over, through the labyrinth seal fin 

tips, and the dissipative phenomena occurring inside the seal 

cavities. 

On the basis of the obtained results, it is possible to state 

that the proposed procedure allows the experimental data, 

recorded with the Thermalcase rig, to be modeled with a good 

accuracy level.  

In a future perspective, this CFD model could be used to 

investigate new turbine configurations or to apply the CFD 

modeling to other turbine components, for which a more 

detailed analysis could improve the design.  

An immediate application of this study is the analysis of 

labyrinth seal patterns alternative to the honeycomb cells.  
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NOMENCLATURE 

 

A 

ACC 

Clearance area, m2 

Active Clearance Control 

CD 

cd 

Sealing discharge coefficient  

1D fluid network discharge coefficient  

CFD Computational Fluid Dynamics 

Coo Cooling 

e Relative percentage error, %  

FEM Finite Element Method 

FP Flow path 

Instacc Instrument accuracy 

LPT Low Pressure Turbine 

M# Metal thermocouple 

�̇� Mass flow rate, kg.s-1  

max Maximum 

p Pressure, bar  

p0 Sealing total inlet pressure, Pa 

pin Test article inlet pressure, bar  

pout Test article outlet pressure, bar  

R 

T# 

TA 

Ideal gas constant, J/kgK 

Temperature, K  

Test Article 

Tol 

T0 

Tin  

Tout  

x 

Tolerance 

Total inlet temperature, K 

Turbine inlet temperature, K  

Turbine outlet temperature, K  

Generic variable  

 

Greek symbols 

 

 

 

 

Sealing pressure ratio Ideal gas specific 

heats ratio 

p Pressure difference, bar 

T Temperature difference, K 

 

Subscripts 

 

 

ACC 

acc 

Active Clearance Control  

Accuracy  

coo Cooling 

exp 

FP 

L 

num 

Experimental 

Flow Path 

Leakage 

Numerical 
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