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Abstract 
An Engineering Cloud, configured to execute multi-disciplinary workflows, was proposed to perform an 
uncertainty quantification analysis for the structural and aeroelastic behavior of the Semi-Span Super-
Sonic Transport wind-tunnel model in a quick and robust way. The experimental model was investigated 
using an eigenvalue analysis, to determine the resonance frequencies and the mode shapes, and a series of 
linear flutter analyses for a range of subsonic and supersonic Mach conditions performed to determine the 
flutter dynamic pressures. The uncertainty in loading conditions and fuel consumption was inserted into 
the wind-tunnel finite element model and an extensive Monte-Carlo analysis was conducted efficiently 
taking advantage of cloud computing techniques. Probability Density Functions for the metrics of interest 
were produced using the Polynomial Chaos Expansion method and were compared very well with the 
Monte-Carlo results. 

1 Introduction 

The technological challenges of supersonic flight such as airport noise, cruise efficiency, sonic boom 
modeling, high altitude emissions, durability at high temperatures and aeroservoelastic phenomena 
necessitate the detailed investigation of full-scale and scaled supersonic aircraft [1]. A stable supersonic 
cruise configuration is the topic of recent studies (e.g. [1-4]) and is highly dependent upon complex Aero-
Propulso-Servo-Elastic phenomena, which are affecting gust alleviation, ride quality, occurrence of flutter, 
flight dynamics and propulsion. A sophisticated test-bed for developing multi-disciplinary numerical and 
experimental capabilities for supersonic aircraft is a scaled semispan wind-tunnel model, equipped with 
three active surfaces (ride control vane, aileron and horizontal tail) and flow-through nacelles with flexible 
mounts, known as Semi-Span Super-Sonic Transport (S4T) vehicle [1]. The S4T aircraft is currently under 
investigation from the NATO-Research and Technology Organisation task group “Application of 
Sensitivity Analysis and Uncertainty Quantification to Military Vehicle Design (AVT-191)”.  
Important factors that also need to be considered in engineering analysis of aeronautical systems are the 
manufacturing uncertainty of structural components as well as the variability in operating conditions. The 
uncertainty propagation is handled numerically using several methods classified mainly into two 
categories, the probabilistic and non-probabilistic theories. In probabilistic approaches, the Probability 
Density Functions of the random input variables are properly defined, while in non-probabilistic methods, 
the interval of upper and lower bounds of the parameters are used to represent the uncertainty range. 
Previous work regarding the influence of structural uncertainties on the behavior of aeroelastic structures 
investigated, for example, the tailoring of composite wings and the buckling analysis of joined-wing 
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models [5, 6]. For effective uncertainty quantification, alternative techniques based upon the creation of 
Response Surface models (RS), such as the Polynomial Chaos Expansion (PCE) method and the Kriging 
approach are finding fruitful applications in many diverse disciplines [5-9]. Additionally, efficient 
technologies for predicting rapidly the behavior of aircraft due to uncertainty are currently explored from 
the aeroelastic community, making use of High Performance/Throughput Computing facilities 
(HPC/HTC).  
In this paper, the uncertainty quantification of the structural and aeroelastic behaviour of the Semi-Span 
Super-Sonic Transport vehicle using an Engineering Cloud is proposed. The focus is first placed on 
predicting metrics that characterize the dynamic behavior of the aeroelastic model, such as the resonance 
frequencies and the flutter dynamic pressure at subsonic and supersonic flight conditions. In an effort to 
identify the modal response of the supersonic vehicle and the variability of the wind tunnel test conditions 
at which the flutter mechanism occurs for different Mach numbers, an integrated workflow is created and 
computationally intensive probabilistic analyses are performed using cloud computing techniques. As 
random input variables, the values of certain concentrated masses at the fuselage and the engine nacelles 
are selected and are varied following the normal distribution. Thereafter, the Polynomial Chaos Expansion 
(PCE) method is utilized for the creation of Response Surface models (RS) for the response functions, 
exploiting advanced sampling techniques, such as the Latin Hypercube method. A parametric 
investigation regarding the sample size required for fitting the output responses as well as the order of the 
PCE models is performed rapidly by taking advantage the powerful capabilities of the engineering cloud. 
Finally, the accurate and robust Response Surface models derived from the Polynomial Chaos Expansion 
method and the Kriging approach are invoked as “black boxes” and the uncertainty propagation of the 
metrics (flutter dynamic pressure at different Mach numbers) is performed at low computational cost. 
The paper is structured as follows. The finite element model of the Semi-Span Super-Sonic Transport 
vehicle is presented in section 2, along with definition of the uncertain input variables and the output 
responses. In section 3, the employed stochastic expansion approach is described, while in section 4, the 
architecture and the functionality of the Engineering Cloud are outlined. Finally, representative numerical 
results for the deterministic and probabilistic structural and aeroelastic models are deployed in section 5, 
while in section 6, the conclusions from this work are drawn. 

2 Problem Definition 

2.1 Wind-Tunnel and Finite Element Model 

The Semi-Span Super-Sonic Transport vehicle is an aeroelastically-scaled wind-tunnel model of a cruise 
aircraft, designed and constructed at NASA Langley, consisting a test-bed for conducting experimental 
and numerical studies on aeroelasticity, gust alleviation, ride quality, flight dynamics and propulsion in 
Transonic Dynamics Tunnel, initially during the High Speed Research program and recently under the 
Fundamental Aeronautics Program [1]. The physical and virtual prototypes of the experimental model are 
depicted in Figure 1, where the three active surfaces (ride-control vane, wing aileron and all-movable 
horizontal tail), the engine nacelles, the flexible fuselage beam and wing are displayed [2-4]. The 
experimental model has length 16.5 feet and semi-span 3.25 feet, while the fuselage beam is consisted of 
graphite-epoxy material and is attached to an aluminum rigid beam with c-shaped cross section. In 
addition, special provision is taken for the wind-tunnel model in order to provide the freedom to vary the 
fuselage and the engine nacelles masses and mount stiffnesses resulting into different test conditions at 
which flutter instabilities occur. A detailed description of the experimental model can be found in ref. [2]. 
The corresponding finite element model of the wind-tunnel model was also created at NASA Langley and 
it was appropriately updated taken into account modal surveys and ground vibration tests in an effort to 
correlate the performance of the virtual and the physical prototype in an acceptable degree. The aeroelastic 
model of the Semi-Span Super-Sonic Transport vehicle included aerodynamic lifting surfaces for the 
major components, which were attached to the structural model using splining techniques.   
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Figure 1: Physical and virtual prototypes of the Semi-Span Super-Sonic Transport wind-tunnel model. 

2.2 Uncertain Variables 

For the uncertainty quantification analysis of the structural and aeroelastic behavior of the Semi-Span 
Super-Sonic Transport vehicle, two groups of fifteen random input variables were defined and varied in a 
pre-defined way, resembling the uncertainty observed in loading conditions and fuel consumption over the 
flight envelope. Namely, eleven concentrated masses distributed along the flexible fuselage of the vehicle 
(Figure 2(a)) were varied following the normal distribution with mean value equal to the nominal value 
and 10% coefficient of variance. Similarly, four sub-groups of concentrated masses at engine nacelles 
(inboard and outboard engine) (Figure 2(b)) were varied following the normal distribution with mean 
value 0.05lb and 33.33% coefficient of variance. 

      
Figure 2: Uncertain concentrated masses: (a) along the fuselage and (b) at engine nacelles. 

2.3 Response Functions 

During the uncertainty quantification analysis, the structural behavior of the Semi-Span Super-Sonic 
Transport vehicle was examined through an eigenvalue analysis, where the first five resonance frequencies 
as well as the corresponding eigenvectors were monitored and compared against the relevant metrics from 
the baseline model. In particular, the independence between the deterministic and probabilistic mode 
shapes, ignoring the effect of the system mass, was checked using the modal assurance criterion, which is 
defined as 
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where the matrices a and t include the deterministic and probabilistic mode shapes, respectively. 

USD - APPLICATIONS 4551



Additionally, the aeroelastic stability of the supersonic vehicle was investigated via a series of linear 
flutter analyses covering a range of Mach numbers from 0.6 up to 1.2, where the flutter dynamic pressure 
was calculated from the expression  

 ,
2
1 2VP   (2) 

where   and V is the air density and velocity, respectively, at which a flutter instability occurs.  

3 Approximation Methods 

3.1 Polynomial Chaos Expansion 

Stochastic expansion techniques, such as Polynomial Chaos Expansion (PCE) and Stochastic Collocation 
(SC), expand the output response in a series of random variables for uncertainty quantification and 
propagation at reduced computational effort. The development of the stochastic expansions started when 
Wiener [7] introduced a mathematical model, in an effort to describe the irregularities appeared in 
Brownian motion using a multiple stochastic integral with homogeneous chaos. Thereafter, Ito [8] 
modified Weiner’s work and showed that any stochastic process can be described as a Weiner process. 
Ghanem and Spanos [9] stated a simple definition of the Polynomial Chaos Expansion as a convergent 
series of the form 
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represents a set of independent stochastic Gaussian variables,  1
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multidimensional Hermite polynomials of order p  and 
1
, ,

pi ia a  are properly defined coefficients. The 

approximation of the output response u  can be rewritten using different orthogonal polynomials which 
belong to the Askey scheme, such as the Laguerre, Jacobi and Legendre if the input random variables 
follow the gamma, beta and uniform distribution, respectively. 

In the present study, the uncertain parameters   1i i
ξ




 were defined as normalized variables using the 

following expression 
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where iμ  and 2
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polynomials with respect to the independent variable ξ  are defined by  
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As a result, in the case of a single input parameter, the Polynomial Chaos Expansion analytical formula 
truncated at the fourth order is written as 

      2 3 4 2
0 1 2 3 41 3 6 3u a a ξ a ξ a ξ ξ a ξ ξ         , 

whereas, in the case of two uncertain variables, 1 2,   the second order stochastic expansion is obtained 
as 

    2 2
0 1 1 2 2 3 1 4 1 2 5 21 1u a a ξ a ξ a ξ a ξ ξ a ξ        . 

The unknown coefficients ia of the Polynomial Chaos Expansions can be calculated using a regression 
analysis or the statistically averaging method. Here, a linear regression process was used and the 
polynomial coefficients were predicted by solving the following system of equations for the case of a 
single uncertain variable 
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where the term   i=1, ,niu for  is a discrete observation of the output response, while the element piH

represents the value of the p-th order Hermite polynomial calculated for the i-th value of the input 
parameter. The minimum sample size, needed for the calculation of the coefficients ia , is defined as  
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where d is the number of independent variables. Indicatively, the scalability of the minimum sample size 
with respect to the dimensionality of the problem and the order of the approximation polynomials is 
presented in Table 1. 

N p=1 p=2 p=3 p=4 
d=1 2 3 4 5 
d=2 3 6 10 15 
d=3 4 10 20 35 
d=4 5 15 35 70 

…
 

…
 

…
 

…
 

…
 

d=15 16 136 816 3876 
Table 1: Minimum sample size for the regression analysis needed for the Polynomial Chaos Expansion 

approximation models. 

In the case where the size of the observations is larger than the minimum (Table 1), the system of 
equations described in Eq. (6) is overdetermined and is solved using the least square approach. The 
accuracy of the regression coefficients depends upon the quantity and the quality of the obtained 
observations and for this reason, an efficient sampling technique, such as the Latin Hypercube method, 
which ensures that the points of the input variables are selected with equal probability, was implemented 
prior to the regression analysis. After the evaluation of the unknown coefficients, the Polynomial Chaos 
Expansion models can be emulated for given values of the uncertain parameters and predict statistical 
properties of the output response, such as the mean value, the standard deviation and the probability 
density function at low computational cost. 
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4 Engineering Cloud 

4.1 Cloud Computing 

Cloud Computing is a model for enabling convenient and on-demand network access to a shared pool of 
configurable resources (e.g. networks, servers, storage, applications and services) that can be rapidly 
provisioned and released with minimal management effort or service provider interaction [10]. The 
services provided by a cloud are categorized as follows:  

 Software as a Service: Cloud providers install, maintain and rent software applications in the 
cloud and users can access the software based upon their demands. 

 Platform as a Service: Service providers offer a development platform which includes operating 
systems, programming language execution environments, databases and web servers. 

 Infrastructure as a Service: Cloud providers deliver in a “pay as you go” policy hardware, 
storage, firewalls, load balancers, servers and network components. 

Front-end users can access cloud-based applications installed and maintained under various operating 
systems at remote locations through a web browser and deploy their simulation demands to dedicated 
computers without the need to have an upfront software and infrastructure investment. Engineering 
applications with high computation requirements can benefit from the flexibility and parallelization 
capabilities of Cloud Computing maximizing automation and collaboration as well as reducing the 
development lifecycle of products.  
Following the recent trends for cost-efficient hardware utilization, usage-based software costing, robust 
and scalable simulation processes and reliable data management [11], the creation of an Engineering 
Cloud was proposed. The Engineering Cloud was the result of a combined effort between the Virtual 
Engineering Centre, Applied Computing & Engineering Ltd and Science & Technology Facilities Council 
(STFC) and its main key feature lies upon the ability of running integrated workflows. The architecture of 
the Engineering Cloud is displayed in Figure 3 and its operation is based upon the product suite of 
Phoenix Integration [12] which includes the following applications: 

 ModelCenter
®
: Desktop tool for building simulation workflows, performing trade studies and 

analyzing results. 

 Analysis Server
®
: Light-weight server tool for remotely executing analysis tools on a variety of 

platforms and operating systems. 

 CenterLink
®
: Web-based application for executing ModelCenter® simulation workflows.  

The functionality of the abovementioned applications is described in the following sections. 
The architecture of the Engineering Cloud enables front-end users to develop locally complex multi-
disciplinary workflows within ModelCenter® and upload them in the cloud through the secure web-based 
interface of CenterLink®. Thereafter, the execution of the workflows (single run, design of experiments 
and optimisation studies) is handled by the cloud taking advantage the High Performance Computing 
facilities as well as a pool of software tools (freeware, shareware, academic, from Small-Medium 
Enterprises and from STFC). The cloud users can remotely monitor the status of the trade studies, submit 
new analyses using desktop computers, smart-phones and tablets as well as view and retrieve locally the 
results. 
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Figure 3: Architecture of the Engineering Cloud. 

4.2 ModelCenter® 

ModelCenter® (Figure 4) is a visual environment for process integration serving several core purposes: 

 Author Simulation Workflows: Graphically drag-and-drop analysis tools and wire them together 
to form end-to-end workflows. 

 Perform Trade Studies: Execute workflows multiple times to perform trade-off studies for 
sensitivity analysis, design of experiments, optimisation and probabilistic analysis. 

 Analyze Results: Post-process output data from trade-off studies to graphically interpret results 
and communicate conclusions.   

 
Figure 4: Process integration environment of ModelCenter®. 

*This picture is courtesy of Phoenix Integration. 

Ready-to-use plug-ins enable an automated integration of popular mathematical tools (e.g. Excel, Matlab 
and Mathcad), CAD systems (e.g. CATIA V5, Solidworks, etc.) and CAE software (e.g. MSC.Nastran, 
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MSC.Adams, Abaqus, LS-Dyna, etc.) via a graphical wizard. Additionally, legacy software written in 
Fortran, C, Java, etc. can easily be linked in a workflow and ASCII based Input/Output applications can 
quickly be imported in a simulation process through a generic wrapping tool, called QuickWrap.   
A number of trade study tools is included within ModelCenter® facilitating deterministic and probabilistic 
design exploration: 

 Parametric Studies: One dimensional sensitivity studies used to generate x-y plots. 

 Carpet Plots: Two dimensional sensitivity studies used to generate surface plots. 

 Design of Experiments: N-dimensional sensitivity studies used to sample design spaces by 
invoking build-in or user-defined methods, generate response surfaces and determine parameter 
importance using global sensitivity plots. 

 Monte Carlo: Random sampling tool used to understand the impact of uncertainty on the 
robustness of a system. 

Response surface approximation models (Kriging and polynomial models) can be created from trade study 
data using RSM Toolkit of ModelCenter® and be implemented as low-fidelity approximations of the actual 
system in optimisation studies and uncertainty analyses with low-computational cost. Finally, 
ModelCenter® offers a variety of build-in optimisation methods (gradient, genetic and approximation 
based algorithms), including Design Explorer developed by Boeing.    

4.3 Analysis Server® 

Analysis Server® is a server based companion software provided with ModelCenter® and its main 
functionality is to host and execute wrappers on remote computers in a secure enterprise network. 
Software wrapping is a versatile technique where users from diverse disciplines (e.g. structural, 
aerodynamics, propulsion, etc.) can convert their analysis software into reusable components that can be 
directly accessed and controlled within ModelCenter®. The input variables of a software wrapper can 
easily be altered within ModelCenter® and the output data are obtained into a standard format that can be 
linked to other downstream applications. As a result, front-end users can import components hosted by 
Analysis Server® into workflows and execute them on a variety of platforms and operating systems 
improving significantly internal and external team collaboration. 
Analysis Server®, as a Java based software, supports various utilities for automating applications, such as: 

 FileWrappers: ASCII files where the locations of input and output variables are defined (rows 
and fields) and instructions for executing analyses are provided. 

 ScriptWrappers: VBScript, Perl, Python or Java based scripts where variables for use in 
ModelCenter® are exposed. 

 Jar Files: Native Java beans where a simulation process is configured can be compiled into jar 
files and hosted on Analysis Server®. 

4.4 CenterLink® 

CenterLink® is the core software of the Engineering Cloud and is a web-based application for hosting 
ModelCenter® components and executing them (single runs, Design of Experiments, and optimisation 
studies) in parallel mode taking advantage of the available hardware and software resources. Components 
created within ModelCenter® can be uploaded to CenterLink® and be accessed using a password protected 
web portal, supported by common web browsers (e.g. Internet Explorer, Mozilla FireFox, etc.). Individual 
components, input/output files and reports are stored in a dedicated database (MySQL) and can easily be 
retrieved at any times by all users of a specified working group without geographical restrictions. The 
progress of job executions can also be monitored using the web portal (Figure 5) and the results can be 
downloaded for post-processing and further analysis in ModelCenter®. 

4556 PROCEEDINGS OF ISMA2012-USD2012



 
Figure 5: Monitoring of the trade studies status (running, finished and failed) through CenterLink®. 

*This picture is courtesy of Phoenix Integration. 

5 Numerical Results 

In this section, representative numerical results on the aeroelastic stability of the Semi-Span Super-Sonic 
Transport wind-tunnel model are presented. Initially, the baseline aeroelastic model of the super-sonic 
vehicle was investigated in an eigenvalue analysis and a sequence of linear aeroelastic analyses for a range 
of Mach numbers, in an effort to identify the resonance frequencies as well as the dynamic instabilities 
(flutter mechanisms) and the resulting flutter dynamic pressures. Thereafter, a computationally intensive 
workflow, which included the aforementioned analyses (eigenvalue and linear flutter analysis) and the 
systematic extraction of the desired results (frequencies, modal assurance criterion for the mode shapes 
and flutter dynamic pressure), was created within ModelCenter®. Using the Engineering Cloud, the 
integrated workflow was simulated thousands of times in an efficient way, enabling the uncertainty 
analysis of the structural and aeroelastic behavior of the Semi-Span Super-Sonic Transport vehicle for 
different input parameters (fuselage/engine nacelles masses). Finally, exploiting the advanced sampling 
method, Latin Hypercube, a parametric study on the sample size was conducted in an attempt to quantify 
the accuracy of approximation models, which were built using the Polynomial Chaos Expansion method 
and represented the output responses. 

5.1 Deterministic Case 

5.1.1 Eigenvalue Analysis 

A modal analysis (eigenvalue extraction) was performed for the structural model of the Semi-Span Super-
Sonic Transport vehicle in an effort to identify the resonance frequencies. The experimental measurements 
from Ground Vibration Tests published by Silva et al. [3] are included in Table 2 along with the 
corresponding numerical results obtained using MSC.NASTRAN. Comparing the data in Table 2, it 
becomes apparent that the first five resonance frequencies of the finite element model are in accordance 
with the measured frequencies of the wind-tunnel model. 
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Mode Frequency [Hz] 
(Experimental) 

Frequency [Hz] 
(Numerical)  

1 6.249 6.290 
2 7.838 8.435 
3 10.059 10.075 
4 11.781 11.401 
5 12.384 12.876 

Table 2: Experimental and numerical frequencies for the wind-tunnel model of the  
Semi-Span Super-Sonic Transport vehicle. 

5.1.2 Flutter Analysis 

The third-order Piston Theory was used for the aerodynamic modeling of the lifting surfaces and the “p-k” 
method embedded in MSC.NASTRAN software and in particular the PKNL variant, which enables 
consistent “matched” air density, Mach number and air speeds [13], was applied to determine the damping 
ratio trends and the flutter dynamic pressure of the wind tunnel model at subsonic and supersonic speeds 
(Figure 6) [3]. Inspecting the damping ratio curves in Figure 6(a), it becomes apparent that the air density 
ratio where a flutter instability occurs is reducing as the Mach Number is increasing for 𝑀𝑎𝑐ℎ =
0.6~0.95, while the air density ratio is increasing as the Mach number is increasing for 𝑀𝑎𝑐ℎ = 1.1~1.2. 
Accordingly, the linear flutter dynamic pressure (Figure 6(b)), computed at subsonic speeds up to 𝑀𝑎𝑐ℎ =
0.9, shows a constant trend followed by a value drop at 𝑀𝑎𝑐ℎ = 0.95 and a significant increase at 
supersonic Mach numbers. Results obtained for 𝑀𝑎𝑐ℎ = 1.0 & 1.05 were omitted from this study due to 
convergence problems of the implemented algorithms. 

  
Figure 6: (a) Damping ratio trends and (b) flutter dynamic pressure of the Semi-Span Super-Sonic 

Transport vehicle for a range of Mach numbers. 

5.2 Probabilistic Case 

The probabilistic analysis of the Semi-Span Super-Sonic Transport vehicle was performed using the 
integrated workflow, depicted in Figure 7. In particular, the simulation process included the serial 
execution of an eigenvalue analysis, where the frequencies and the mode shapes of the structural model 
were extracted, the calculation of modal assurance criterion for the mode shapes with respect to the 
eigenvectors obtained from the baseline case, the identification of the flutter mechanisms of the aeroelastic 
model and the calculation of the corresponding flutter dynamic pressures. The computationally intensive 
workflow, developed in ModelCenter® [14], was uploaded in the Engineering Cloud using the interface of 
CenterLink® and was simulated thousands of times in a properly configured cluster.  
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Figure 7: Integrated workflow for the probabilistic analysis of the Semi-Span Super-Sonic Transport 

vehicle. 

5.2.1 Eigenvalue Analysis 

Using the parallelization flexibility of the Engineering Cloud, the probabilistic analysis depicted in Figure 
7, was performed in an efficient way for the selected input variables, namely the fuselage and engine 
nacelles masses. The output responses of the Monte-Carlo analysis, which included 5000 runs, were 
systematically retrieved from the cloud and are shown in the form of Probability Density Functions for the 
first five resonance frequencies in Figure 8 and for the modal assurance criterion of the corresponding 
mode shapes in Figure 9, respectively. Observing Figure 8, it can be seen that the mean value of the 
distribution for all the frequencies (blue dashed line) is shifted towards lower values due to the fact that 
the mean value of the engine nacelles masses was selected to be 0.05 lb, while for the baseline case was 
zero (red dashed line). Additionally, the fourth and fifth frequencies are more sensitive to the variations of 
the input parameters (higher standard deviation) than the first and second frequencies, while an 
overlapping of the distributions and a mode switching is observed between the third and fourth 
frequencies. 

 
Figure 8: Probability Density Function for the resonance frequencies of the Semi-Span Super-Sonic 

Transport vehicle (Monte-Carlo analysis (5000 runs)). 
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Similar conclusions may be drawn for the probability density functions of the modal assurance criterion 
for the first five mode shapes (Figure 9). The dispersion of values for the first and second mode shapes is 
very low, implying that the eigenvectors obtained from the probabilistic analysis are very similar to the 
corresponding mode shapes of the baseline case. On the contrary, the distributions of the modal assurance 
criterion for the third and fourth mode shapes are presenting a significant variation, implying that the 
response of the structural model at these frequencies is different from the baseline case. Additionally, the 
high dispersion of values observed for the fifth frequency (Figure 8) is reflected to some degree at the 
corresponding modal assurance criterion.     

 
Figure 9: Probability Density Function for the modal assurance criterion of the mode shapes of the Semi-

Span Super-Sonic Transport vehicle (Monte-Carlo analysis (5000 runs)). 

5.2.2 Flutter Analysis 

The Probability Density Functions for the flutter dynamic pressure of the Semi-Span Super-Sonic 
Transport vehicle for a range of Mach numbers, obtained from the Monte-Carlo analysis which included 
5000 runs, are depicted in Figure 10. In the same diagram, the maximum and minimum probabilistic 
values of the examined metrics are highlighted (red curves), while the flutter dynamic pressures obtained 
for the baseline case are also plotted (blue dots). Observing Figure 10, it becomes apparent that the 
probability density function of the metrics is following a relatively narrow normal distribution for 
subsonic speeds, while for supersonic speeds the distributions of the flutter dynamic pressure are 
appearing to have higher variation, affecting significantly the predictability for the aeroelastic stability of 
the vehicle. Additionally, the mean values of the flutter dynamic pressure obtained from the probabilistic 
analysis (green curve) are coinciding with the curve that connects the corresponding deterministic values 
(black curve).  

5.2.3 Quantification Analysis 

The horizontal scalability of the Engineering Cloud enabled the rapid and parallel conduction of a 
parametric study for uncertainty quantification, where the minimum sample size for achieving a satisfying 
accuracy was identified. For the quantification analysis, the Polynomial Chaos Expansion method, 
described in section 3.1, as well as the Kriging approach, which is embedded in ModelCenter®, were 
utilized in order to predict the variability of the response functions. 
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Figure 10: Probability Density Function for the flutter dynamic pressure of the Semi-Span Super-Sonic 

Transport vehicle for a range of Mach numbers (Monte-Carlo analysis (5000 runs)). 

Indicatively, the root mean square error for the approximation of the flutter dynamic pressure for 
Mach=0.95 is included in Table 3 using 2nd and 3rd order Polynomial Chaos Expansion models and various 
oversampling ratios (sample size/minimum sample size). It is worth noting that with the 3rd order 
approximation model, an excellent correlation was achieved for oversampling ratio of 1.2 (Figure 11). 

RMSE Oversampling Ratio 
1 1.2 1.4 1.6 1.8 2 

2nd Order PCE 0.5521 0.1507 0.0875 0.0815 0.0951 0.0795 
3rd Order PCE 0.3880 0.0521 0.0378 0.0388 0.0319 0.0281 

Table 3: Root Mean Square Error for the flutter dynamic pressure (Mach=0.95) using 2nd and 3rd order 
Polynomial Chaos Expansion models and different oversampling ratios. 

 
Figure 11: Root Mean Square Error for the flutter dynamic pressure (Mach=0.95) using a 3rd order 

Polynomial Chaos Expansion model and different oversampling ratios. 
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Accordingly, the approximated Probability Density Functions of the flutter dynamic pressure for 
Mach=0.95 derived from 2nd and 3rd order Polynomial Chaos Expansion models are depicted in Figure 12 
(red curve), along with the corresponding results obtained from the Monte-Carlo analysis (black curve) 
and the Kriging approach (blue curve). It becomes apparent that there is a discrepancy between the actual 
and predicted results for the 2nd order polynomial approximation (Figure 12(a)), while an excellent 
agreement is observed for the 3rd order model (Figure 12(b)). 

    
Figure 12: Probability Density Function of the flutter dynamic pressure for Mach number=0.95 obtained 
using Polynomial Chaos Expansion models of (a) 2nd order and oversampling ratio of 2 and (b) 3rd order 

and oversampling ratio of 1.2. 

6 Conclusions 

An Engineering Cloud, configured to execute multi-disciplinary workflows, was used in order to predict 
the uncertain structural and aeroelastic behavior of the Semi-Span Super-Sonic Transport wind-tunnel 
model in a quick and efficient way. Initially, the baseline model was investigated in an eigenvalue analysis 
and a series of linear flutter analyses for subsonic and supersonic speeds, where the resonance frequencies, 
the eigenvectors and the flutter dynamic pressures were collected, respectively. Thereafter, a large number 
of input variables were defined and varied following the normal distribution, resembling the uncertainty in 
loading conditions and fuel consumption. A robust workflow, which included the structural and 
aeroelastic analyses of the vehicle, was created and uploaded in the Engineering Cloud, enabling remotely 
the parallel execution of thousands of simulations. 
Probability Density Functions of the first five frequencies, the modal assurance criterion of the 
corresponding mode shapes and the flutter dynamic pressure for a range of Mach numbers were produced 
systematically from the results of the probabilistic analysis. From the obtained plots, it became apparent 
the sensitivity of the frequencies from the variation of the fuselage and engine nacelles masses, while 
similar conclusions were drawn for the modal assurance criterion. Additionally, it was observed that the 
probability density functions of the flutter dynamic pressure presented a narrow normal distribution for 
subsonic speeds, while for supersonic speeds the aeroelastic behavior of the vehicle became less 
predictable. Finally, approximation models, based upon the Polynomial Chaos Expansion method, were 
created for all the defined metrics and a parametric study on the sample size was conducted in an effort to 
identify the minimum sample size to achieve satisfactory correlation. In particular, it was found that for 
oversampling ratio of 1.2, the probability density functions predicted by the approximation models 
matched in an excellent way the probability density functions obtained from the Monte-Carlo analysis.   
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