
Proceedings of Global Power and Propulsion Society 
ISSN-Nr: 2504-4400  

GPPS Chania22 
September 12 - 14, 2022 

www.gpps.global 

This work is licensed under Attribution 4.0 International (CC BY 4.0) See: 
https://creativecommons.org/licenses/by/4.0/legalcode 

 
GPPS-TC-2022-0006 

AN IMPROVED PROCESS FOR TURBINE SHROUD OPTIMIZATION IN 
THE PRELIMINARY DESIGN PHASE 
 

 
Salomé Martin 

Department of mechanical engineering 
salome.martin.1@ens.etsmtl.ca 

Montreal, Quebec, Canada 

Hany S. Moustapha 
Department of mechanical engineering 

Hany.moustapha@etsmtl.ca 
Montreal, Quebec, Canada 

 
Marlène Sanjosé 

Department of mechanical 
engineering 

Marlene.sanjose@etsmtl.ca 
Montreal, Quebec, Canada 

François Roy 
Pratt & Whitney Canada 

Francois.roy@pwc.ca 
Longueuil, Quebec, Canada 

Pascal Doran 
Pratt & Whitney Canada 

Pascal.doran@pwc.ca 
Longueuil, Quebec, Canada 

 

 
ABSTRACT 

Larger turbine shroud will result in lower tip leakage losses but will increase the rotor mechanical stresses; hence 

optimization is necessary, especially at the preliminary design of the engine. The improved process developed is as 

follows: from blade and shroud geometry, the algorithm performs several 3D mechanical analyses in finite element 

software, allowing the calculation of interpolations to finally extract the largest shroud size. 

The relative deviation on stress between the 3D new software analysis and the existing process does not exceed 4%, 

which is acceptable for the preliminary design. In addition, the time saved is considerable: 10 minutes for the existing 

process as opposed to 1 minute for the lighter simulations. 

This new optimization method shows that a local and targeted dimensioning, limiting the number of parameters and 

constraints, responds quickly and precisely to the problem. However, the choice of variable parameters is crucial, hence 

the importance of the influence of the parameters. This optimization method contributes to the preliminary design phase 

of the shroud to reduce the design time and gain in accuracy while ensuring the robustness of the process, therefore in the 

logic of the development of a full Preliminary Multidisciplinary Design Optimization (PMDO) system for the turbine 

design. 

INTRODUCTION 

Aircraft engine design is an iterative process involving multiple fields. However, task automation reduces these 

iterations and allows optimization loops while considering the requirements of each discipline involved (MDO). These 

designs are separated into several phases, which the first one is the preliminary design phase. At the end of this phase the 

design is based on knowledge of the mean line and engine performance and precedes the detailed design phase. During 

this first phase the time of design is limited, therefore many design decisions are taken with little information, which 

reduces design freedom early in the process, therefore the probability of achieving an optimal design (NATO RTO 

Research Task Group, 1997). 

Task automation and optimization process are solutions to allow engineers to increase design data quantity during 

preliminary design and improve the optimality of the final solution. In this logic, because P&WC carries out between 30 

and 40 preliminary design analyses per year, the company has developed a platform which concentrates all the processes 

already automatize: Pre-Detailed Design System (PDDS). The latter offers the possibility of optimization during the 

preliminary design phase (PMDO), and considerable time savings, as well as a gain in precision (Moret, 2018). 

Among engine parts the turbine is a central element, and its aerodynamic performance is a major characteristic, 

which is partly influenced by the aerodynamic aspects of the rotor blades of each stage. One solution to improve the 

aerodynamic efficiency of a blade is to shroud it and the length of this shroud, between the trailing edge and the leading 

edge of the blade, has a crucial effect on it. Indeed, the shroud is an obstacle to the leakage flow therefore the flow is 
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reduced, and the associated tip leakage losses are decreasing (Porreca et al., 2008; Nirmalan et Bailey, 2005). However, 

larger turbine shroud will increase the rotor mechanical stresses especially in the fillet between the blade and the shroud 

platform (Belousov and Nazdrachev, 2016; Chandrasekhar et al., 1988); hence automatable optimization is necessary, 

especially at the preliminary design phase of an aero-engine.  

After the literature review, the mathematical problem definition will expose the unknowns of the problem. Then the 

presentation of the existing framework and tools will allow, in a second step, to highlight the choices of the processes 

involved. Finally, the speed, reliability and robustness of the implemented tool will be presented. 

LITTERATURE REVIEW 

Aerodynamic efficiency 

Among four principal types, tip clearance loss is one source of blade aerodynamic losses. It is due to the presence of 

a functional clearance between the rotational blade and the static case; therefore, the leakage flow rushes through this 

clearance following the pressure gradient between pressure and suction side of the blade (Denton, 1993). This leakage 

flow generates multiple complex losses; the most significant is the fact that this flow does not participate in the blade 

rotation, moreover at the trailing edge it joins the main flow and due to their different velocities, in intensity and 

direction, mixing losses occur. Finally, the generation of several vortices generate further losses (Bindon, 1989; Lee, 

Moon, & Lee, 2009; Gao et al., 2013; Bauinger, et al., 2017). 

Therefore, the shroud of the blade strongly reduces the leakage flow, however, there is still a flow. And the shroud 

geometry influences losses, such as number of fins or shroud length (Bauinger, et al., 2017; Abou-Salem, 2016). Indeed, 

a full shroud, covering the entire blade between the leading and trailing edge, has a greater efficiency than the minimum 

one (figure 1, “deep scalloping”); nevertheless because of the mass and cantilevered material addition, full shroud 

introduces additional mechanical stresses. Then it is necessary to find an optimal trade-off between shroud length and 

mechanical stresses (Porreca et al., 2008; Nirmalan and Bailey, 2005).  

        

Figure 1 Left: Three types of shrouds: full, optimize and minimal (Nirmalan and Bailey, 2005). Right: 
Leakage flow through shroud in cross-sectional view (Bauinger, et al., 2017) 

Shroud stress 

Despite its various advantages, the presence of the shroud generates stresses, of which the two main ones are: the 

concentration stress in the fillet radius due to the bending of the cantilevered surface (Belousov and Nazdrachev, 2016), 

and the stress induced by the rotating shroud (the tip stress). Some shroud parameters can reduce these stresses to allow 

the length to be increased further, among them the fillet value is one the most significant. Indeed, Chandrasekhar et al. 

(1988) explains that, for a particular shroud geometry, shroud stress can decrease by 34 % for an increase of the fillet 

radius at the blade-aerofoil interface from 2.8 to 6 mm. 

CONTEXT AND GOAL 

Development environment 

Time design has a major impact on the final cost engine, therefore saving time and improving the accuracy during 

this phase are key issues in reducing cost; therefore, the Pre-Detailed Design System (PDDS) platform has been 
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developed to overcome some phases without value-added, such as ensuring compatibility between software or data 

management. Also, PDDS offers the possibility of optimization (PMDO) for different pieces, and considerable time 

savings, as well as a gain in accuracy (Moret, 2018). 

Regarding the turbine rotor module, the interface enables the engineer to access to all the developed tools for each 

rotor parts: disk, fixing, platform, aerofoil and shroud. For the latter, the specific interface enables to interact with the 

geometry, and perform some calculation such as mechanical stresses. These calculations are performed through equations 

that have been implemented based on the weight and geometry of the shroud, despite time saving the accuracy is too low 

(more than 30%) compared to 3D calculation with finite elements software.  

Goal 

The goal is to develop a fast, robust process, adapted to the PDDS structure and automatable to calculate the optimal 

point meeting the aerodynamic and mechanical requirements and this should work for any shrouded blade geometry. All 

these environmental constraints impose limits on the optimisation capacity and therefore on the number of variables to be 

considered. The variables retained were therefore those whose effects are known. 

The aerodynamic efficiency goal is to maximize the length of the shroud (L) between trailing and leading edge of the 

blade. However, increasing the length generates the mechanical stress growth which can be balanced by increasing the 

fillet value (R). Therefore, this method should calculate the maximum shroud length (L) respecting the stresses limits set 

by the engineer by modifying the value of the fillet (R).  

METHODOLOGY: THE IMPROVED PROCESS 

Geometry and mathematical descriptions 

To resume the calculation, the figure 2 shows the cross-sectional view of the shroud and aerofoil as well as the 

definition of the parameters considered in the problem.  

Firstly, the expression of the tip stress (σCF) is the following one: 

𝜎𝐶𝐹 =
(𝑅𝑝 𝜌 𝑉 𝛺2)

𝑆
   (1) 

Secondly, the concentration stress in the fillet radius due to the bending of the cantilevered surface is retrieved from 

3D analysis, by exporting principal stress results on all the nodes constituting the fillet and taking the maximum value 

(σR). 

 

Figure 2 Schematic representations of a shroud and aerofoil with parameters description. 

The optimization problem is as follow: 

Maximize:  f = L 

Constraints:  σCF < limit +/- tolerance 

σR  < limit +/- tolerance 

       In this equation, the limits are user input and tolerances are calculated in percentage to the limit of the stress. The 

variables are R and L, and they vary into variation intervals where extrema are user input for R (between Rinf and Rsup) 

and geometry limitation for L (Lsup and Linf). The algorithm will increase the shroud length between the geometry limit, 

by varying the fillet between the extrema while respecting the stresses limits.  

To perform such optimization, the algorithm needs to know the variation of the two stresses function of the fillet and 

length; and each shroud has its own specifications adapted to the blade and its application. It is therefore necessary to run 

specific calculations for each shroud geometry. Although the 1D stress equations allow a fast approximation of the 

stresses, the accuracy obtained is insufficient: more than 30%. Therefore, for this tool, the choice was made to use 3D 



 

4 

finite element calculations, which reduce the inaccuracy to 5% maximum. As these calculations can quickly become 

heavy and long, a calculation method adapted to this problem had to be proposed. 

Automatization in analysis software 

As mentioned previously, stresses calculation should be based on 3D analysis, and therefore be performed in finite 

element software. To ensure software compatibility, the finite element software chosen for this method (named “SA” in 

this paper, for “software A”) differs from the one usually used (SB, for “software B”). Indeed, usually the CAD is 

developed in SA and then sends to SB to perform calculation. But since SA can also perform calculation, for this method 

the choice fell on SA.  

This software offers multiple level of automatization: parametrized CAD, VB macro, batch mode (SA without 

graphic interface); and the use of these tools makes it possible to launch from the algorithm the analyses necessary for the 

optimization calculation. 

Therefore, the central geometry of the problem must be easy to handle to be modified at each iteration (Martins and 

Lambe, 2013). Through rules, formulas and relations, SA allows designers to develop parametrized CAD which with 

relevant links between parameters reduces the number of parameters to be modified during optimization. Nevertheless, 

the parameters that can be modified and the intertwined formulas must be chosen judiciously and meet all the disciplines 

involved, as this choice will have an impact on the quality of the design. 

Because this method focuses on the shroud, the CAD used in this process only includes blade, shroud and connection 

fillet; this lightened CAD enable to perform calculation really quickly since it doesn’t have to mesh all the rotor (disk, 

fixing …), as in the calculations that are usually done in SB. Finally, the simulation conditions, i.e., temperature and 

rotational speed, are defined by the user, generally these data are extracted from the design point; howehowever, tool is 

generic enough to consider off-design. 

The choice of SA in addition to the lightened CAD enables to perform 3D analysis in 1 minute versus 10 minutes for 

the usual calculation.  

Analysis number 

These 3D analyses are performed for different L and R values, and then in the algorithm it will be possible to 

interpolate the stresses function of L and R. The numbers of analysis are determined by the user choices: he can 

determine the number of fillet (NR) and length (Nl) at which the analysis will be perform, the total number (N) will be NR 

times NF. Then the algorithm calculates the set of couples L and R at which the analyses will be performed according to a 

linear distribution. The calculation of the k-th value for the fillet, for example, is as follows: 

𝑅𝑘 = 𝑅𝑖𝑛𝑓 + 𝑘
𝑅𝑠𝑢𝑝−𝑅𝑖𝑛𝑓

𝑁𝑅−1
   (2) 

The quantity of simulations directly influences the quality of the optimization results, but also the time. It is therefore 

a compromise that is left to the will of the user. Once all the results have been generated, the algorithm calculates the 

optimal point of the problem. 

The calculation method 

As previously mentioned, once the data has been generated by SA, the algorithm performs interpolations based on 

the least squares method to determine the coefficients of the polynomial to obtain the expressions of the stresses function 

of L and R. Then the intersection of each function with the stress limit line gives couple (L, R) to construct two functions 

that respect stress limit and therefore mechanical criteria (orange and blue curves on figure 3). Finally, the intersection of 

these two functions generates the optimal point, which is the greater length that verifies the stress limits. In case these 

two curves don’t intersect, the algorithm constructs linear interpolation, which can introduce unwanted inaccuracies.  

 

Figure 3 Optimal point calculation 
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The implemented method  

Lastly the implemented method is summarized in Figure 4. 

 

Figure 4 Overview of the implemented method 

RESULTS AND DISCUSSION 

Validation of the 3D analysis 

3D analyses are performed in SA which is not the usual software for 3D calculation; therefore, the validation of the 

reliability of these results is therefore the founding verification step of the process. The validation of this step focuses on 

the concentration stress in the fillet since the blade tip stress is derived from the shroud volume (see equation 1) and the 

latter comes from the shroud CAD which in both cases is the same (the case of the use of SA or SB).  

This study validates the stress results obtained with this new 3D calculation process against the results obtained with 

the certified one. It is therefore a numerical study, calibrated with existing engines. The  

Figure 5 shows the results of the maximum stress as a function of fillet evolution obtained with the two 3D 

calculation methods: the certified method (SB, full curves), which is the one usually used, and the new method (SA, 

dotted curve), the one proposed in this paper. The minimum length value corresponds to the minimum permissible by the 

geometry and the maximum corresponds to the maximum of the geometry. The extrema chosen for the fillet are 

following the usual design rules at Pratt and Whitney. 

 

Figure 5 SA and SB stress results curves 

The 3% error bars in Figure 5 show that for each point (couple L and R) the method with SA does not deviate from 

the value obtained by SB by more than 3.1%, which is satisfactory for the preliminary design phase and in view of the 

time difference between the two processes. Indeed, the usual process (SB), although automated, remains much longer: for 

the 25 points (L and R) it took around 8 hours to obtain all the results, compared to 1 hour with the developed process. Of 

course, the usual process is used in this context to obtain the stress in the fillet, but it gives a multitude of other 

information since it simulates the geometry of the complete rotor, whereas the method developed in this paper aims 

essentially at evaluating the principal stress in the fillet. 

Number of simulations 

The simulation number influences the result but the more there are the more time it takes, therefore there is a need to 

know at which the precision is enough compared to the time cost. For this purpose, the process was tested for two 



 

6 

different turbine rotors geometry: the first one is from a turboprop and the second one from a turbofan. It is only Nr and 

Nl that vary for these tests while keeping the constraints of the problem fixed. By varying Nr and Nl between 2 and 5, 

several quantities were calculated and are presented in Figure 6: 

 LTable
*
 represents the added length at the optimal point in percentage of the maximum length: 

𝐿𝑇𝑎𝑏𝑙𝑒
∗ = (𝐿𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑 − 𝐿𝑚𝑖𝑛)

100

𝐿𝑚𝑎𝑥
    (3) 

 Right charts of Figure 7 shows the dimensionless optimal stress (the "-" signs characterize values that 

exceed the limit stress, σR,lim is the value entered by the user): 

𝜎𝑅,𝑇𝑎𝑏𝑙𝑒
∗ =

(𝜎𝑅,𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑−𝜎𝑅,𝑚𝑖𝑛)

𝜎𝑅,𝑙𝑖𝑚
∗ 100   (4) 

 

Figure 6 Comparatives results of the developed tool 

These results show that there is a double advantage to increasing Nr from 2 to 3 for the two rotors: a gain in accuracy 

(σR,Table
*
) and a more favourable optimum point (LTable

*
); which is less obvious for the number of lengths (Nl). Above 3 

number of fillets, the gain in precision is low and even decreasing: especially for the first rotor. This loss of accuracy for 

Nl above 3 may result from the final loop, which is implemented in case of the intersection result of the two curves does 

not respect the tolerance (as mentioned previously). 

Moreover, the Figures 7 and 8 present second order polynomial interpolations for each rotor and for different 

number of simulations performed for σR. In each figure the number of simulations (Nr and Nl) varies between 2 and 5; 

and the reference is the corresponding green 9-point curve which gives the trend to aim for. 
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Figure 7 Comparison of interpolations depending on the number of points considered at the minimum 
length for the first rotor 

 

Figure 8 Comparison of interpolations depending on the number of points considered at the maximum 
fillet for the second rotor 

 

The two figures are in correlation with Figure 6: Figure 7 shows that principal stress is a polynomial function of fillet 

(and not a linear one), and over 3 fillet values the curves are superimposed. Whereas the difference between 2 and 3 

number of lengths is thinner, and the curves for 4 and 5 are more scattered than on the previous figure. 

The number of simulations has a significant impact on the quality of the results. Indeed, for both configurations the 

difference between 2 and 3 Nr is significant. Thus, the recommendation would be to perform at least analyses for 3 fillet 

and 3 lengths, i.e., 9 simulations, which is the better compromise between time and accuracy. Also, the same study was 

made for the tip stress error, but the latter was inferior to 2% in all cases. 

To validate the calculation capacity of the optimal point of the module, its value is compared in the following with 

the result of an optimization module existing in the software. The choice logically fell on the SA optimizer, since the 

initial design is in SA. 

Comparison with SA optimizer 

An optimization module is proposed, and different types of algorithms can be used, the simulated annealing 

algorithm. After importing the lightened shroud and blade design and defining the objective function to be maximized, 

the constraints and their limits, as well as the variables and their variation ranges, all that remained to be done was to 

define the few operating parameters of the algorithm. As we will see in the following tables, the optimization time is 

crucial, but also the steps of variations of the variables, because otherwise the algorithm tends to revolve around the same 

values, so a large step of variations forces it to scan the whole range of variations of the variables. The SA optimization 

module has been tested for the two rotors, following the same limits defined in the problem; only the optimization time is 

varying in the results tables 3 and 4. Regarding the stress due to centrifugal forces on the tip blade surface, the problem 

was reduced to a constraint on the total volume (shroud plus fillet), deduced from equation 1. 

The added length shown in tables of Figure 9 (Column 4) is the average of the added length on each side, i.e., the 

leading and trailing edge sides. This choice was made so that they could be compared with the results obtained with the 

tool developed, since the tool symmetrically increases the length of the leading and trailing edges to preserve the balance 
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of the shroud. The tables presenting the results are made up of 9 columns; the last corresponds to the equation 5 (σR,table
*
). 

Finally, to compare the results of the SA optimizer with the result given by the module developed in this work, a last line 

is added to each table. This line corresponds for the two rotor configurations to the results from 3 fillet and 4 lengths 

(NR=3 and Nl=4), as it showed the best results. 

 

Figure 9 Results from the NF optimization module for the two rotors 

 

For the two rotors there is a preferential side to increase the length without significantly increasing the fillet stress: 

for the first rotor it is the leading edge, and for the second rotor it is the trailing edge. Indeed, because of the geometry 

one side can offer a better improve without increasing the material quantity and therefore the associated stresses. Despite 

this, for the first rotor SB optimization converges towards the same average length addition as the tool developed in this 

research, whereas SB has a large advantage for the second rotor. In regard of the objective of maximisation length, this 

phenomenon justifies superiority of the SA optimization under the tool developed in this research but causes the 

imbalance of the shroud. 

Each optimization configuration requires a minimum amount of time for the SB optimizer to converge towards a 

solution that respects constraints. This time depends on the duration of a simulation. Finally, the robustness of the process 

is not guaranteed because it was necessary to restart the process several times during the optimizations because of 

geometry crash. 

SA optimizer takes longer time to calculate because the optimisation method is more complex and is based on 

simulation values and not interpolations; therefore, it performs a new simulation at each new point. Indeed, due to low 

number of parameters considered and the monotony of the stresses, interpolations offer a time saving at the expense of 

precision, but this loss is acceptable for this application, while the SA optimization module allows answering wider 

optimization problems. 

CONCLUSION 

An improved process for shroud optimization is proposed and successfully implemented in the PDDS software 

environment. The goal of this research was to find and develop a new method to maximize the length of the shroud while 

respecting the mechanical stresses through fillet variation. Although it is a localized process on one area of the blade, it is 

robust and provides accurate results compared to the preliminary design phase in which it is used, it drops from 30% with 

1D equations to less than 5% with 3D calculations, and finally this process offers time and cost savings 

This method is built in two parts that interact with each other. The first part consists of a light 3D calculation 

simulating a part only made up of the studied part. In this study, the 3D calculation is based on the simulation of a 

geometry comprising only the fairing and the blade, which makes it possible to greatly reduce the mesh size and therefore 

the calculation time. Indeed, 3D calculations with SB take 10 minutes while with SA and the light model it takes only 1 

minute.  

For process improvement, it is possible to solve optimisation problems using targeted and local methods. This 

suggests that the development of specific solutions shows better capabilities than generalist resolutions. This new method 

ultimately increases the probability of achieving an optimal turbine design (MDO) by intervening early in the design 

process, thus addressing PMDO issues (NATO RTO Research Task Group, 1997). This method is therefore part of the 

overall objective to provide a rapid preliminary turbine design tool. 
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NOMENCLATURE 

R fillet between shroud and blade 

ρ material density 

V shroud and fillet volume 

Rp shroud radial position 

σR maximum principal stress in the fillet 

N number of simulation 

NR number of fillet 

L shroud length between leading and trailing edge 

Ω rotational speed 

S tip blade surface 

σCF stress due to centrifugal effect of the shroud 

volume on the tip blade surface 

NL number of length 

SA Software A 

SB Software B 
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