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Abstract: Due to the increasingly high turbine inlet temperatures, heat transfer analysis is now, 

more than ever, a vital part of the design and optimization of high-pressure turbine rotor blades of 

a modern jet engine. The present study aimed to find out how shape deviation and in-service dete-

rioration affect heat exchange patterns on the rotor blade. The rotor geometries used for this analysis 

are represented by a set of high-resolution 3D structured light scans of blades with the same number 

of in-service hours. An automatic meshing technique was employed to generate high-resolution 

meshes directly on the scanned rotor geometries, which captured all the surface features with high 

fidelity. Steady-state 3D RANS flow simulations with a k-ω SST turbulence model were conducted 

on a one-and-a-half stage computational domain of the scanned geometries. First, the distribution 

of the heat transfer coefficient was calculated for each blade; then, a correlation was sought between 

the heat transfer coefficient and parametrized shape deviation, to assess the impact of each param-

eter on HTC levels. 

Keywords: high-pressure turbine; heat transfer; shrouded blade; level set meshing; multi-fidelity 

simulation 

 

1. Introduction 

To achieve high cycle efficiencies and to maximize power outputs, modern gas tur-

bine engines employ increasingly high turbine inlet temperatures, exceeding 2000 K [1]. 

These temperatures are significantly higher than the metal’s melting point, which is 

around 1400 K [2]. A prolonged overheating of the blade surface, even by a relatively low 

value in the order of the tens of Kelvins, can lead to a dramatic acceleration of thermal 

barrier coating (TBC) erosion and melting of the metal alloy. High-pressure turbine (HPT) 

rotors are known to experience the most arduous thermal conditions, particularly towards 

the tip region [3]. Higher-than-nominal temperatures may accelerate the creep process 

locally [4], and have been shown to degrade the metal alloy on a microstructural level [5]. 

For these reasons, the temperature of the HP components must be managed carefully 

through the use of sophisticated internal and external cooling mechanisms. The amount 

of coolant that is injected must be kept to a minimum, to limit mixing losses and overall 

cycle losses due to the compressor bleed. Therefore, the heat transfer systems need to be 

highly efficient and finely optimized to fulfil their purpose.  

These systems are conceived around the nominal “running” geometries, and a set of 

operating conditions (usually takeoff and cruise), where they operate at peak perfor-

mance. There are, however, a number of factors that may lead to deviations from the nom-

inal. These include geometric modifications due to manufacturing variations [6,7], defects 

and handling damage, fouling near the film-cooling holes, as well as variations in operat-

ing conditions such as outboard traverse bias [8], or engine over-throttling due to an 
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overall performance deficit. The aim of the present analysis was to study the correlation 

between the geometric deviation from the design intent and the distribution of surface 

heat transfer coefficient, for a large set of in-service shrouded HP turbine rotor blades of 

a modern jet engine resulting from high-resolution 3D-structured light optical scans. Ther-

mal results were obtained through the use of a CFD methodology published by Maffulli 

and He (Maffulli and He, 2013, 2014), which calculates the heat transfer coefficient (HTC) 

by fitting a quadratic relation between the local wall temperature and heat flux. This tech-

nique is described in further detail in the Methodology section of this paper. This three-

point non-linear fitting process requires three CFD simulations of the flow around the 

same blade geometry, with prescribed wall temperatures. Previous work [9] has focused 

on studying the correlation between aerodynamic efficiency loss and parametrized geo-

metric deviation, and understanding the main loss mechanisms that characterize the flow 

field around in-service HP turbine blades. The objective of this analysis was to determine 

whether in-service deterioration, by virtue of inducing a modification in the geometry of 

the blades and the flow conditions, can cause an increase in the heat transfer coefficient in 

critical areas such as the blade shroud, leading the blades to experience a consequential 

acceleration of their degradation process.  

2. Methodology 

2.1. Geometries 

The rotor geometries considered for this analysis had a shrouded tip design. Com-

pared with its unshrouded counterpart, the shrouded design (see Figure 1A) has its main 

advantage in the higher aerodynamic stage efficiency due to reduced tip leakages. How-

ever, this comes at a price: increased difficulty in cooling the shroud region [10]. A set of 

HP in-service shrouded rotor geometries are analyzed in the present study. The blades 

belonged to a single “test” engine that operated in an experimental rig beyond its normal 

life timeframe, with the intent of determining the modes and rate of deterioration. 

 
(A) (B) 

Figure 1. HP turbine rotor blades: nominal (A) and a blue-light scan (B) (pictures distorted). 

This section presents a description of geometries and methods that have been used 

to quantify the amount of damage. The rotor domain of each individual case constituted 

a single circumferential repetition of the same geometry, to enable single-passage CFD 

analysis with periodic boundaries. All the blade-to-blade measurements described in this 

section were taken between two identical blades with an angular shift equal to the perio-

dicity angle. 

These geometries (see Figure 1B) were obtained through high-resolution blue-light 

scanning, carried out using GOM Metrology (GOM scans). The blades exhibited different 

degrees of in-service deterioration, commonly including elongation, twist, erosion, and 

local loss of the thermal barrier coating. On this set of blades, the most damage could be 
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seen in the shroud region, with an increase in all the clearances (tip gaps and inter-plat-

form gaps). Measurements taken in the shroud region of each blade were used to quantify 

the deformation of the shroud region. The measurements included the two tip clearances, 

T1, T2, and the three inter-platform shroud gaps, S1, S2, and S3max, as depicted in Figure 2. 

On this set of scans, a V-shaped opening could be observed in the rear half of the platform 

region. To quantify the extent of this opening on each blade, the inter-platform gap dis-

tance was measured throughout all the rear half portion of the shroud (between the 

dashed lines in Figure 2B), and the maximum distance value is exported as S3max. Con-

versely, S1 and S2 shroud gap measurements were taken for all blades at two fixed axial 

positions. T1 and T2 were measured as the radial distances between the tip of the respective 

fin and the design intent casing at the top center position. The relative orientation of the 

shroud fins in Figure 2B also indicates that the typical scan displays a twist of the platform 

with respect to the design intent geometry. This counter-clockwise twist was, in part, re-

sponsible for the increase in shroud gap, as discussed in a previous study [9]. To quantify 

this, a parameter called the “shroud angle” was measured on all the blades as the angle 

formed by the shroud gap mean line with the axial direction. To quantify elongation, the 

blade radius at three points, R1, R2, and R3, on the upper face of the shroud platform was 

measured, as shown in Figure 2B. 

  
(A) (B) 

Figure 2. Representation of two neighboring shrouds from the front (A) and from the top (B). Meas-

urement points of the shroud gaps. S1, S2, and S3, between the neighboring blades, tip clearances 

T1 and T2, the shroud angle, α, and the shroud platform radii R1, R2, and R3. 

Finally, the volume of the rear half of the inter-platform shroud gap was measured 

directly on the computational grids by calculating the volume of the mesh in between the 

two neighboring shroud platforms. In order to do so, three points, R1, R2, and R3, and the 

shroud angle on each blade, were used as a reference to place a cuboid in the gap region. 

The cuboid includes the gap space and the side platform metal from two neighboring 

blades. The volume occupied by the fluid mesh within the cuboid was then calculated in 

the Paraview-based proprietary Rolls-Royce software SS02. This measurement is propor-

tional to the volume of metal that was lost to erosion in the rear shroud gap region (be-

tween dashed lines in Figure 2B). Table 1 reports all the parameters used to quantify geo-

metric deviation in the present analysis. 

Table 1. Damage parametrization. 

Parameter Description 

S1 Front inter-platform shroud gap 

S2 Middle inter-platform shroud gap 

S3max Rear inter-platform maximum shroud gap 

T1 Front fin tip-to-casing clearance 

T2 Rear fin tip-to-casing clearance 

α Shroud angle with respect to the machine axis 

R1 Radius of the shroud platform in the front suction side corner 
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R2 Radius of the shroud platform in the front pressure side corner 

R3 Radius of the shroud platform above the blade’s trailing edge 

V Volume lost due to erosion 

2.2. CFD Modelling Technique 

The computational domain used in the present study was a one-and-a-half stage 

comprising an HP stator, HP rotor, and IP stator, as shown in Figure 3A. CFD simulations 

were conducted on various combinations of this computational domain where, for each 

case, the rotor blade (HPR in Figure 3A) was represented by a different in-service geome-

try. The case with the design intent rotor geometry was also simulated to serve as a refer-

ence. The stator geometries (HPS, IPS) were, in every case, the design intents. Prior to 

meshing, a cold-to-hot transformation was applied to the geometries, in order to scale 

them to running/operational conditions. This transformation included an axial translation 

and 3D scaling by three different (x, y, and z) factors. The HP stator (HPS) and HP rotor 

(HPR) were fitted with source terms called “strip models” to surrogate the presence of 

multiple rows of cooling holes ejecting coolant from the internal cooling circuit. Both sta-

tor domains presented cooling flow slots at the trailing edges. The rotor domain also in-

cluded the front and rear hub cavities, with their respective leakage inflows (USH and 

DSH). Casing upstream (CSF) and downstream (CSD) leakages were also included in the 

model. The three rows were connected using mixing-plane interfaces. 

 
(A) (B) 

Figure 3. Schematic representation of the 1 ½ stage computational domain with arrows indicating 

the flow inlets (A) acronyms are defined in the nomenclature section; a spanwise section view of the 

BOXER rotor mesh (B) (pictures distorted and not to scale). 

Standard practice for the CFD meshing of turbine domains in Rolls-Royce is to use 

the in-house tool PADRAM (Parametric Design and Rapid Meshing) [11], a tool that ena-

bles the rapid generation of high-quality meshes using templates, as well as the defor-

mation of existing geometries using a rich set of parameters. The two stator domains are 

meshed in PADRAM with an H-O-H multi-block structured approach, with a process re-

quiring only a few seconds to complete. Conversely, BOXER [12] is adopted for meshing 

the rotor domains in all cases, with an octree-based unstructured approach. This enables 

the degraded surfaces to be meshed directly, thus capturing all the small-scale surface 

features that characterize the scanned geometries. Twenty structured prismatic layers are 

generated on the wall surfaces. Different mesh refinement settings are used in BOXER to 

locally increase mesh density in critical areas such as the shroud, TE, cavities, and wake 

regions. A solution from a preliminary CFD run was used to identify the approximate 

physical location (within the rotor domain volume) of the main flow features such as the 

wake, cavity flows, leakage flows, and main vortical structures. Once these features were 

located, the domain was re-meshed with “refinement shells” positioned at each location, 

to locally refine the mesh for better resolution of the flow features. On average, the BOXER 

rotor meshes have 35 million elements. The meshing process is executed automatically on 

all the blades through a script. Figure 3B shows a section of the BOXER mesh on the design 
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intent rotor geometry. The complete multi-row CFD domain mesh has an average of ap-

proximately 40 million elements. A verification study for this modelling technique was 

carried out previously [9], and as such is omitted here. 

Three-dimensional steady-state RANS simulations of the compressible flow were 

carried out using Rolls-Royce’s proprietary finite volume solver HYDRA [13], with k-ω 

SST turbulence modelling and an implicit time-marching scheme. Convergence of the 

CFD simulations was monitored both in terms of residuals of the momentum equations 

(converged for R ≤ 10−12 and a drop 4 orders of magnitude relative to the initial values) 

and the stabilization of the quantities of interest. Boundary conditions used for the present 

analysis are representative of the engine’s “cruise” operating point. One-dimensional total 

pressure and total temperature radial distributions are specified at the HP stator inlet. The 

secondary inlets shown in Figure 3A (USH, DSH, CSF, CSD, HTEC, and ITEC), with green 

arrows fitted with prescribed mass inflow boundary conditions. A non-reflective outflow 

boundary condition was assigned to the IP stator exit, where a one-dimensional radial 

distribution of static pressure was specified. In order to collect information on the isen-

tropic stage efficiency, monitors were placed on the flow inlets and exits, as shown in 

Figure 3A, and at the exit boundary of the HP rotor domain. Each monitor was used to 

obtain the converged values of mass flow and total enthalpy, the latter being calculated 

by mass-averaging the total pressure and temperature values. The formula used to com-

pute stage efficiency is detailed in Equation (1), where the ideal total enthalpy exit term at 

the denominator is calculated as that resulting after the isentropic expansion of every gas 

stream to the total mass-averaged pressure of the main rotor exit. The gas model used was 

selected within HYDRA’s BS29 library [14] to be the kerosene–air exhaust gas mix. For 

this gas model, both the ratio of specific heats and the heat capacities of the gas varied 

non-linearly with temperature. 

𝜂 =
∑ (�̇�𝐻0)𝑖 − (�̇�𝐻0)𝑜𝑢𝑡𝑖=𝑖𝑛𝑙𝑒𝑡𝑠

∑ (�̇�𝐻0)𝑖 − (�̇�𝐻0_𝑖𝑑𝑒𝑎𝑙)𝑜𝑢𝑡𝑖=𝑖𝑛𝑙𝑒𝑡𝑠

 (1) 

2.3. Heat Transfer Coefficient Calculation Technique 

The expression that defines the heat transfer coefficient was derived from Newton’s 

Law of cooling, as given in Equation (2): the heat flux on the left-hand side is defined as 

the product of heat transfer coefficient “h” and the difference between wall temperature 

Tw and recovery temperature (or adiabatic wall temperature) Trec. 

�̇� = ℎ(𝑇𝑤 − 𝑇𝑟𝑒𝑐) (2) 

Equation (2) can be used to estimate the heat transfer coefficient on a turbine blade, 

by conducting two CFD runs. The first one is the simulation of the flow, assuming adia-

batic wall surfaces, which enables calculation of the recovery temperature distribution on 

the blade. The second one is a prescribed-wall-temperature run, where the blade’s surface 

temperature is specified as a boundary condition. This prescribed temperature distribu-

tion can be obtained by offsetting the recovery temperature distribution derived from the 

adiabatic run by a few tens of Kelvins. However, this method is based on the hypothesis 

that the heat transfer coefficient is independent from the wall temperature, which is often 

not very realistic [15,16]. A new three-point non-linear method was published by Maffulli 

and He [17] to account for the HTC’s dependency on the wall temperature by introducing 

a linear relation between the heat transfer and the temperature difference.  

�̇� = (ℎ0 + 𝑗1𝑇𝑤)(𝑇𝑤 − 𝑇𝑟𝑒𝑐) (3) 

{
𝑞𝑤1̇ = (ℎ0 + 𝑗1𝑇𝑤1)(𝑇𝑤1 − 𝑇𝑟𝑒𝑐)
𝑞𝑤2̇ = (ℎ0 + 𝑗1𝑇𝑤2)(𝑇𝑤2 − 𝑇𝑟𝑒𝑐)

 (4) 
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This new formulation is reported in Equation (3), where the locally corrected HTC 

(with the “j” linear correction terms) value is represented by the first term on the right-

hand side. To solve Equation (3) for the HTC, three CFD runs are necessary. The first one 

is still represented by the adiabatic case for initial calculations of the recovery tempera-

ture, and the remaining two consist of two separate prescribed-wall-temperature runs. 

The HTC distribution on the blade surfaces is then calculated by solving the system in 

Equation (4) where the flow solutions provide the values for the q and T terms, enabling 

calculation of the unknowns (h0 and j1). In the present study, the specified wall tempera-

ture boundary conditions for the two cases listed in Equation (4) are created by offsetting 

the recovery surface temperature calculated during the adiabatic run, by +50 K and −50 K, 

respectively. This quantity is chosen as a trade-off between the fitting accuracy (ideally 

requiring the smallest possible offset) and the stability of the fitting process, which, in 

turn, becomes less robust the closer together the two prescribed temperature values are. 

3. Results 

The scanned blades displayed notable differences from the nominal, both in terms of 

geometry and heat transfer, particularly in the shroud region. Figure 4 shows a compari-

son of the heat transfer patterns on the design intent rotor and on a typical in-service scans 

from the present set. By visual inspection of the HTC results from flow simulations carried 

out on the scans, it can be seen that higher-than-nominal heat transfer zones formed due 

to the deterioration and modification of the flow conditions. It can be seen in Figure 4A 

that the many sharp corners on the design intent geometry are marked as high-HTC areas, 

which is expected since heat transfer is usually higher in stagnation and sharp-turning 

points. The same corners appear to have been rounded off by erosion in the in-service 

component. In the baseline design, the inter-platform shroud gap is near zero, and there 

is no significant amount of flow passing through it.  

 

Figure 4. Comparison of the HTC contours on the design intent case (left) against the same contours 

on one of the scans (right), displaying the outer (A,B) and inner (C,D) surfaces of the shroud, where 

the blade has been sectioned off, to attain a full view of the shroud (pictures distorted). 

The figures show that there was a notable overall increase in shroud HTC due to 

damage. It was found that the overall shroud HTC (calculated as the average HTC on the 

whole shroud region) on the scanned blades was approximately 11% higher than the cor-

responding nominal value. The damaged geometry shown in Figure 4B,D also displays a 

high-HTC patch in the rear part of the shroud gap, where erosion has carved the afore-

mentioned V-shaped opening in the suction-side platform. This patch is clearly visible 

when looking at the shroud from below (Figure 4D). The contours of Figure 5 show the 

near-wall gas static temperatures for the same blades used in Figure 4. In the scanned 

rotor case (Figure 5B,D), the gas that comes in contact with the upper face of the shroud 

platform is 25 K to 50 K hotter with respect to the nominal case.  



Int. J. Turbomach. Propuls. Power 2023, 8, x FOR PEER REVIEW 7 of 12 
 

 

 

Figure 5. Comparison in terms of near-wall gas static temperatures on the design intent (A,C) and 

the same scan shown in Figure 5 (B,D)—trajectories of the flow particles crossing the shroud gap in 

the rear portion of the platform are also shown (E,F) (pictures distorted). 

By looking at the contours on the lower face (Figure 5A,C), it can be seen that a stream 

of high-temperature gas from the main passage reaches and crosses the aft portion of the 

inter-platform shroud gap, where most of the erosion is taking place. This is confirmed by 

the streamline visualization of Figure 5E,F, showing the trajectories of the stream particles 

passing through the rear shroud gap opening. This particular region of the shroud sees a 

combination of high HTC and high near-wall gas temperatures, which can accelerate the 

erosion process. 

The progressive erosion and formation of the opening can be seen from the views of 

the bottom face of the shroud displayed in Figure 6, where HTC contours are shown for 

three in-service blades named “A”, “B”, and “C”, representing the low, medium, and high 

HTC levels of the set, respectively. HTC levels increasingly worsen with damage, as the 

amount of hot passage flow that is able to cross the opening in the gap increases. This, for 

the current set of blades and flow conditions, indicates a degenerative process. 

 

Figure 6. Views of the shroud platform from below in three cases of low (A), medium (B), and high 

(C) HTC. The surface is colored by HTC value (pictures distorted). 

A linear correlation analysis was conducted to determine the effect of the parameters 

listed in Table 1 on shroud heat transfer. The metric used to quantify the level of HTC on 

the shroud platforms of the in-service blades is the fraction of surface area with an HTC 

value exceeding 2.5 times the average value on the nominal shroud. A linear correlation 

between this metric and the parameters in Table 1 was sought through multiple runs of a 

random-search algorithm. A linear combination variable was formulated with the set of 

coefficients achieving the best R2. The resulting best-fit linear combination called 

“SDVHTC” (shroud damage variable for HTC correlation) achieved good correlation (R2 = 
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0.8706) and is reported in Equation (5), where the terms that ended up having a near-zero 

(<0.01) coefficient are removed. 

𝑆𝐷𝑉𝐻𝑇𝐶 = 0.2 ∙ 𝑆1 + 0.39 ∙ 𝑆3𝑚𝑎𝑥 + 0.04 ∙ 𝑇2 + 0.13 ∙ 𝑅1 + 0.24 ∙ 𝑉 (5) 

The results shown in Figure 7 indicate that there is significant linear correlation be-

tween the combination variable SDVHTC and the shroud surface area with high HTC. The 

values of the coefficients also indicate which parameters are more associated with the for-

mation of high-HTC regions on the shroud surface. The maximum shroud gap amplitude 

in the rear half of the platform (S3max) and the volume loss (V) are the most important pa-

rameters with coefficients equal to 0.33 and 0.2, respectively. This is in agreement with 

what can be seen from the contours of Figure 6, where the highest HTC levels are associ-

ated with large amounts of erosion in the rear portion of the inter-platform shroud gap, 

both in terms of depth of the V-shaped opening and metal volume loss. 

 

Figure 7. Distribution of the SDV combination variable against the fraction of the high-HTC shroud 

surface area of the scanned rotors. The trend-line and linearity score are also displayed in the chart. 

The three blades, A, B, and C, used in Figure 6 are highlighted. 

The scanned geometries used in the present analysis also suffered from different de-

grees of aerodynamic performance loss. Isentropic stage efficiency (Equation (1)) for the 

present set of blades was correlated against the shroud damage, employing the same par-

ametrization used in the previous section for the HTC analysis. Likewise, a linear combi-

nation variable was constructed through a combination of the damage parameters with a 

set of best-fit coefficients, as reported in Equation (6). 

𝑆𝐷𝑉𝐸𝑇𝐴 = 0.04 ∙ 𝑆1 + 0.27 ∙ 𝑆2 + 0.03 ∙ 𝑆3𝑚𝑎𝑥 + 0.03 ∙ 𝑇1 + 0.2 ∙ 𝑇2 + 0.01 ∙ 𝛼

+    0.08 ∙ 𝑅1 + 0.06 ∙ 𝑅2 + 0.24 ∙ 𝑅3 + 0.04 ∙ 𝑉 
(6) 

Figure 8 presents the distribution of isentropic stage efficiency for the scanned geom-

etries as a function of the “SDVETA” variable. Similarly to what was observed with the HTC 

correlation study, there was significant correlation between the variable SDVETA and the 

isentropic stage efficiency loss with respect to the nominal, with an R2 of 0.754. In this case, 

however, the most relevant parameter to aerodynamic performance is the mid-chord 

shroud gap “S2”. This finding is in line with that observed in previous work conducted 

by the authors: a large pressure differential can be found at that particular position be-

tween the passage and top cavity flows. This creates a large amount of leakage through 

the inter-platform shroud gap, which is severely detrimental to aerodynamic perfor-

mance. A more detailed description of this loss mechanism can be found in [9]. 
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Figure 8. Distribution of the SDVETA combination variable against the isentropic stage efficiency 

values of the scanned rotors. The trend-line and linearity score are also displayed in the chart. The 

three blades, A, B, and C, used in Figure 6 are highlighted. 

The trailing edge elongation, R3, and rear fin tip gap are also associated with a rela-

tively high impact on efficiency for this set of blades. In contrast with what was presented 

in the previous section for heat transfer, it appears that the depth of the V-shaped opening 

(S3max parameter) has a low impact when looking at aerodynamic performance. In Figure 

8, the points pertaining to the three blades, “A”, “B”, and “C”, shown in Figure 6 are also 

highlighted. It is interesting to note that the SDV combination variables (Figures 7 and 8) 

rank these blades in the same order in terms of parametric damage vs. performance, indi-

cating that a low aerodynamic performance is also associated with high heat transfer. It is 

hypothesized that the twisting of the blades is what causes the initial rotation of the 

shrouds, which, in turn, results in a wider inter-platform shroud gap. At that point, the 

blades that display the highest values of the heat transfer coefficient (HTC) are those 

where flow leaking through the gap was able to carve an opening in the sides of the plat-

forms, through progressive erosion of the metal. The impact of blade twist, and its effect 

on the component’s aerodynamics, was assessed in a previous study [9]. A parameter ex-

pressing the amount of twist measured on the blades was included in the present work 

under the name of “shroud angle”. This represents the angle formed by the shroud plat-

form with the machine axis, and this parameter is directly affected by the rotation (twist-

ing) of the blade sections below the shroud. In the present study, it was found that the 

twist itself has a negligible impact on the HTC on the blade shroud, as demonstrated by 

the fact that the corresponding correlation coefficient was near-zero and was thus omitted 

in Equation (5). 

4. Conclusions 

This work represents the extended version of the paper presented by the authors at 

the 15th European Turbomachinery Conference (ETC15) in Budapest, Hungary [18]. 

A series of CFD simulations was conducted on a set of blue-light optical scans of in-

service HP turbine rotor geometries from a modern jet engine, with the objective of iden-

tifying the damage modes that are associated with increased heat transfer in the shroud 

region. All the blades belonging to this set display overall higher (+11%) HTC values on 

the shroud when compared with the average value measured on the nominal shroud re-

gion. All the sharp corners originally present in the nominal design appear to have been 

rounded off in the in-service blades, as a result of erosion. Furthermore, significant HTC 

increases were observed locally, particularly in the shroud gap region. Shroud damage 

levels on the present set of blades have been measured in terms of a set of parameters 

including shroud gaps, tip gaps, elongation, and volumetric loss. A correlation analysis 
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was then conducted to assess the impact of each parameter on HTC levels, intended as 

the fraction of shroud surface area with an HTC 2.5 times greater than the average value 

on the nominal shroud surface. A linear correlation between this measure and the set of 

parameters was sought, obtaining an R2 of 0.871, with the largest coefficients being those 

pertaining to the amplitude of the shroud gap in the rear platform part, and the metal 

volume loss due to erosion in the same region. A notable isentropic stage efficiency loss 

was observed with a 1% variability within the set. A linear correlation study was con-

ducted between efficiency and the set of parameters, achieving an R2 of 0.754, with the 

highest-ranking coefficient being the S2 inter-platform shroud gap at the mid-chord. This 

finding is in line with the results of previous work conducted by the authors on a similar 

set of scanned geometries.  

It is interesting to note that the thermal and aerodynamic aspects are markedly sen-

sitive to damage in different areas of the shroud: the mid-chord gap for the aerodynamic 

performance and maximum rear platform gap for the thermal exchange performance. It 

is hypothesized that, due to an initial twist of the shroud platforms due to blade turning, 

the blades experience an increase in inter-platform shroud gap. Consequently, a stream of 

hot passage gas is able to cross the shroud gap, reaching the top cavity. Over time, the 

leakage flow through the rear portion of the shroud gap carves a V-shaped opening in the 

suction side of the shroud platform, exposing a larger surface of the internal alloy to the 

erosion process. Analysis of the CFD results revealed that an increase in the size of the 

opening causes higher local HTC values, which further increases heat exchange and can 

lead to degenerative acceleration of the erosion process. This study focused on a specific 

industrial case; however, it describes a process that can be found in modern jet engine 

turbines in general, by virtue of the extremely high turbine entry temperatures that char-

acterize these engines, and the tendency of modern blades to experience a steep loss in 

performance during real-world operation.  

Due to multi-disciplinary interactions between teams within Rolls-Royce plc, the au-

thors have discovered that many HPT blades from different engines were experiencing 

what can be defined as a “vicious circle”, where deterioration of the HPT blades (defor-

mation and erosion) translates into even faster deterioration rates during the upcoming 

operation cycles of the engine. For instance, initial geometric deviations from the nominal 

of the components can cause aerodynamic performance loss (and thus, a thrust deficit), 

which is compensated by over-throttling the engine to achieve the desired thrust, but this 

causes higher temperatures on the hot end, which accelerates deterioration rates by caus-

ing further damage and geometric deviation. The trigger of this aero-thermal deteriora-

tion mechanism was identified to be the initial blade twist below the shroud platform; 

therefore, it is recommended to periodically monitor this parameter during service. This 

could be achieved with less-invasive techniques (e.g., borescope analysis). The tempera-

ture distribution provided by the combustor also plays a key role in this phenomenon. By 

shifting the distribution peak towards the inner radii, the temperature of the flow streams 

that end up crossing the shroud gap may be reduced. This will be the subject of further 

optimization studies. 
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Nomenclature 

CSD Casing cooling downstream to rotor blade 

CSF Casing cooling upstream to rotor blade 

DSH Hub cavity inflow downstream to rotor blade 

HPR High-pressure rotor 

HPS High-pressure stator 

HTEC HPS trailing edge cooling slot 

IPS Intermediate-pressure stator 

ITEC IPS trailing edge cooling slot 

LE, TE Leading edge, trailing edge 

PS, SS Pressure side, suction side 

RANS Reynolds-averaged Navier–Stokes 

TBC Thermal barrier coating 

USH Hub cavity inflow upstream to the rotor blade 
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