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Abstract: The intent of this paper is to present applications of risk management to aerospace 
engineering design; the study was focused on composite materials design and manufacturing of 
parts, assemblies from aircraft and spacecraft, such as aerostructures, fuselage, aircraft wings 
and controls, jet engines parts such as fan blades, widely used in aerospace engineering. The use 
of composites in aerospace engineering provides significant reduction of costs for manufacturing, 
technology and operation, provided adequate management. Management in composites design, 
manufacturing and technology may allow to achieving performance and cost-effectiveness for 
such aerospace engineering parts, which are critical from the safety standpoint.  
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1. INTRODUCTION  
 

Design of aircraft and space product constructions must be compliant with the safety 
standards specifically stated in regulations for the commercial and military aircraft 
industry, prior to all other criteria.  

Then, subordinated to safety standards are the general and specific design criteria, 
like: geometry, loads, mechanical stress, thermal stress, reliability, then manufacturing, 
operating and maintenance costs, and the last but not the least, aesthetics. Improved 
properties as high strength and stiffness, combined with low density can be provided by 
the use of composite materials when compared with bulk materials, allowing for a weight 
reduction in the finished product/ assembly/ part.  

Composite materials are widely used today in aerospace engineering, due to their 
provided advantages, such as: lighter weight, the ability to tailor the layup for optimum 
strength and stiffness, improved fatigue life, corrosion resistance, long working life, lower 
density with respect to steel alloys, high strength to weight ratio, low coefficient of 



 Risk Management Applied to Aerospace Engineering Design 
 

114 

thermal expansion, five times stronger than steel, reduced assembly costs due to fewer 
detail parts and fasteners in case of mastering good design practice.  

On the other hand, disadvantages of composites must be taken into account and 
contingency plans must be provided, where applicable or available; disadvantages of 
composites refer to: high raw material costs and usually high fabrication and assembly 
costs, adverse effects of both temperature and moisture, poor strength in the out of plane 
direction where the matrix carries the primary load, susceptibility to impact damage and 
delimitations or ply separations, greater difficulty in repairing composite parts when 
compared to metallic structures.  

Aircraft design represents an intricate exhaustive task, since it involves specific design 
of aircraft structure, propulsion system, aircraft controls, engine controls, avionics, 
Auxiliary Power Unit (APU), landing gear and other parts.  

The design cycle of an aircraft can cover a duration of more than 20 years, because it 
is an iterative process, which supposes a step by step development following a 
Technology Readiness Assessment (TRA) that examines program concepts, technology 
requirements, and demonstrated technology capabilities.  

Technology Readiness Levels (TRLs) are based on a scale from 1 to 9, with 9 being 
the most mature technology, as detailed in Table 1, [18].  

 
Table 1 – Technology Readiness Levels (TRLs), [18]  

TRL NASA usage, [19]  European Union, [20]  
1 Basic principles observed and reported  Basic principles observed  

2 Technology concept and/or application 
formulated  Technology concept formulated  

3 Analytical and experimental critical function 
and/or characteristic proof-of concept  Experimental proof of concept  

4 Component and/or breadboard validation in 
laboratory environment  Technology validated in lab  

5 Component and/or breadboard validation in 
relevant environment  

Technology validated in relevant environment 
(industrially relevant environment in the case 
of key enabling technologies)  

6 
System/subsystem model or prototype 
demonstration in a relevant environment 
(ground or space)  

Technology demonstrated in relevant 
environment (industrially relevant 
environment in the case of key enabling 
technologies)  

7 System prototype demonstration in a space 
environment  

System prototype demonstration in operational 
environment  

8 
Actual system completed and "flight qualified" 
through test and demonstration (ground or 
space)  

System complete and qualified  

9 Actual system "flight proven" through 
successful mission operations  

Actual system proven in operational 
environment (competitive manufacturing in 
the case of key enabling technologies; or in 
space)  

 
Mathematical Modeling and Numerical Simulations have an important role in design 

and concept development. Design improvements and/or design optimizations often result 
as consequences of feedback from Mathematical Modeling and Numerical Simulations.  

This paper presents some of the most significant and common topics encountered in 
aerospace engineering design and the approach to problem’s study and solving from the 
standpoint of associated risk management. The proposed topics for this paper are: 1/ 
thermo-gas-dynamics of turbojet engines, 2/ design and reverse engineering in case of 
axial compressor and fan rotor blades, 3/ guidelines of risk management customized for 
aerospace engineering design.  
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For each of these topics, an approach of Risk Management in the meaning of Risk 
Intelligence will be addressed. The steps assume the successive completion of the 
following stages: 1/ Risk Identification, 2/ Risk Assessment, from the standpoint of 
impact and likelihood, 3/ Prioritization of risks, 4/ pointing out the actions to be taken, 
which can be one of the following options: a/ tolerate, b/ treat, c/ substitute, d/ terminate.  

Risk Intelligent is a holistic approach of Risk Management, considered globally, that 
is looking at the entire system as a whole, not just focusing on some parts of the system, 
without also considering the determining relationships and interactions between the 
various parts of the general system. Risk Intelligent can be considered as a tool for Active 
Control serving Risk Management to control and maintain the adjusted balance between 
risks and reward. The ultimate goal of Risk Intelligent is to create added value by 
assuming risks and enabling simultaneously to protect, keep and maintain the values 
already accumulated.  

 
2. TOPIC #1: THERMO-GAS-DYNAMICS OF TURBOJET ENGINES  

 
Problem Statement and Framework: The thermo-gas-dynamics analysis of the turbojet 

engine is carried out in order to achieve the following objectives:  
1/ to calculate the performances of the turbojet engine at Design Regime and to do its 

performance prediction at Off-Design Regime;  
2/ to investigate the engine operating regimes, concluded within the determined 

turbojet engine's Operation Maps (Altitude Map, Velocity Map, Rotor Speed Map) and 
engine's Universal Map, based on turbojet engine performances, previously calculated;  

3/ to carry on the Steady State Analysis, which consists in the investigation of the 
engine’s operating regimes and equilibrium states, based on the performances of the 
turbojet engine calculated in previous steps;  

4/ to provide calculated data as input to carry on the Transient State Analysis, which 
reveals the dynamic behavior of the turbojet engine and further enables to complete the 
study of turbojet engine automate control. The results from Transient State Analysis 
enable the design of jet engine’s automate control and further, the design and management 
of the aircraft engine controls.  

The design of the turbojet engine supposes the completion of the thermo-gas-
dynamics analysis performed initially at the level of the entire engine, as a system and 
then at the level of turbojet engine main parts (air inlet & intake, compressor system, 
combustion chamber, turbine and exhaust unit), Fig. 1.  

The accuracy of the results is strongly influenced by the Mathematical Modeling of 
the turbojet engine and the assumptions related with the turbojet engine’s operation. The 
accuracy is influenced by the level of the approximation, that is the way the assumptions 
are taken into consideration.  

The numerical accuracy depends on the numerical methods and algorithms chosen for 
solving numerically the equations that define the turbojet engine's mathematical model. 
Only few equations can be solved analytically.  
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FIG. 1  Turbojet Engine (TJE), [22]  FIG. 2 Definition of Turbojet Engine Stations, [21]  

 
The study is concluded by the results obtained from Numerical Simulations.  
This paper is focused on the turbojet performance analysis, with the application to the 

TJ100 single spool turbojet engine, as Test Case, [23-26].  
Turbojet engine Performance Prediction refers to the calculation of the turbojet 

engine's performances: Thrust [N], Specific Thrust [N*s/kg] and Specific Fuel 
Consumption [kg/N/h] – TSFC, for the entire range of parameters: flight altitude [m] and 
flight velocity V [m/s] or flight Mach number, as expressed by the Aircraft’s Flight 
Envelope and for all the operating regimes of the turbojet engine.  

The algorithm for determining the Brayton Diagram provides eventually the turbojet 
engine's performances: Thrust [N], Specific Thrust [N*s/kg] and Specific Fuel 
Consumption [kg/N/h].  
 

  
a/ Design Regime:  

Altitude H = 0, Flight Mach number = 0,  
Flight Velocity V = 0 [m/s]  

b/ Off-Design Regime:  
Altitude H = 8 [km], Flight Mach number = 0.8,  

Flight Velocity V = 246 [m/s]  
 

FIG. 3 Brayton Diagram, calculated for the Design Regime (left) and an Off-Design Regime (right),  
in case of TJ 100 Turbojet Engine, [23-26]  

 
The Brayton Diagram express the turbojet engine's thermodynamic cycle and it is 

usually described by the coordinates: specific entropy [kJ/kg/K] and specific enthalpy 
[kJ/kg]. The turbojet engine stations, defined as shown in Fig. 2, match the points within 
the field of the Brayton Diagram.  

In blue contours is the thermodynamic evolution of the ideal flow along core engine 
flow path, with the supposed assumptions: the fluid is an ideal gas, one species, adiabatic 
processes, no losses.  

In red contours is the thermodynamic evolution of the core engine real flow, modeled 
with the supposed assumptions: the fluid is a perfect gas, two species, adiabatic processes, 
considered losses due to drag, friction, local turbulence, the thermodynamic system 
representing the engine model is considered open.  
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The Brayton Diagram presented in Fig. 3-a was calculated for the Design Regime, at 
SLS, ISA conditions (i.e. "fixed point", which usually means altitude H = 0 [km] and 
flight velocity V = 0 [m/s] or flight Mach number =0), Fig. 3-a, while the Brayton 
Diagram exposed in Fig. 3-b was determined for a selected Off-Design Regime, (Altitude 
H = 9 [km], Mach number = 0.8, which gives Flight Velocity V = 246 [m/s]).  

Main input data for calculating the Brayton Diagram and the performances of the TJ 
100 turbojet engine: Thrust [N], Specific Thrust [N*s/kg] and Specific Fuel Consumption 
[kg/N/h]:  

Pressure ratio =5.0, Airflow Mass Rate = 1.74 [kg/s], Turbine Inlet Temperature T3T 
= 1123 [K].  
𝜋𝜋𝑐𝑐∗ = 𝑝𝑝2

∗

𝑝𝑝1
∗    𝑀̇𝑀𝑎𝑎 = 1.74 �𝑘𝑘𝑘𝑘

𝑠𝑠
�    𝑇𝑇3

∗ = 1123 [𝐾𝐾]  

Other turbojet engine parameters:  
𝜂𝜂𝑐𝑐∗ = 0.85  - Adiabatic efficiency on compression  
𝜂𝜂𝑡𝑡∗ = 0.89  - Adiabatic efficiency on turbine expansion  
𝜂𝜂𝑚𝑚 = 1 - Mechanical (shaft) efficiency, =1 / single spool construction  
𝜎𝜎𝑑𝑑𝑑𝑑∗  = 0.92  - Pressure loss at engine intake  
𝜎𝜎𝑐𝑐𝑐𝑐∗  = 0.98 - Pressure loss in combustor  
𝜉𝜉𝑐𝑐𝑐𝑐 = 0.998 - Combustion efficiency  
𝜑𝜑𝑎𝑎𝑎𝑎 = 0.940 - Exhaust nozzle velocity loss  

 
The Mathematical Model of the turbojet engine describing its behavior as close to 

reality is based on the following set of Assumptions:  
• the working fluid is considered perfect gas,  
• two species:  

// air // - from engine intake to compressor, stations: 0-1-2;  
// burned gas // - within combustor, turbine and exhaust unit, stations: 
2-3-4-5;  

• fuel specific power, for JET A, JET A1 and/or JET B (aviation kerosene): 
𝑃𝑃𝐶𝐶𝐶𝐶 = 43500 �𝑘𝑘𝑘𝑘

𝑘𝑘𝑘𝑘
�,  

• ratio of specific heat 𝑘𝑘 = 𝐶𝐶𝑝𝑝
𝐶𝐶𝑣𝑣

 , see Table 1.  

• constant pressure specific heat 𝐶𝐶𝑝𝑝  [ 𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘𝑘𝑘

] :  

• gas constant 𝑅𝑅 � 𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘𝑘𝑘

� ; the relation between R and Cp is: 𝐶𝐶𝑝𝑝 = 𝑅𝑅 ∙ 𝑘𝑘
𝑘𝑘−1

  
 

Table 1 Properties of the working fluids  

Fluid  k  Cp   
[kJ/kg/K]  

R   
[J/kg/K] 

Air  1.4 1.005 287.3  
Burned Gas  1.33 1.165 288.4  

 
The Mathematical Model for computing the turbojet engine performances is defined 

by the following equations:  
• SLS, ISA conditions: 𝑝𝑝0 = 1.01325 [𝑏𝑏𝑏𝑏𝑏𝑏] (1), 𝑇𝑇0 = 288 [𝐾𝐾] (2) and 𝑖𝑖0 = 𝐶𝐶𝑝𝑝 ∙ 𝑇𝑇0  [𝑘𝑘𝑘𝑘/𝑘𝑘𝑘𝑘], (3)  
• conditions at engine inlet (intake) - station 0 (SLS) or H (flight): 
• if H = 0 [km] then  𝑝𝑝1

∗ =  𝜎𝜎𝑑𝑑𝑑𝑑∗ ∙ 𝑝𝑝0 [𝑏𝑏𝑏𝑏𝑏𝑏], (4),  𝑇𝑇1
∗ = 𝑇𝑇0 [𝐾𝐾] (5), and 𝑖𝑖1∗ = 𝐶𝐶𝑝𝑝 ∙ 𝑇𝑇1

∗  [𝑘𝑘𝑘𝑘/𝑘𝑘𝑘𝑘] (6),  
if H > 0 then  𝑝𝑝1

∗ = 𝑝𝑝𝐻𝐻∗  ∙ 𝑝𝑝0 [𝑏𝑏𝑏𝑏𝑏𝑏] (7), 𝑇𝑇1
∗ = 𝑇𝑇𝐻𝐻∗  [𝐾𝐾] (8) and 𝑖𝑖1∗ = 𝐶𝐶𝑝𝑝 ∙ 𝑇𝑇1

∗  [𝑘𝑘𝑘𝑘/𝑘𝑘𝑘𝑘] (9),  

where  𝑇𝑇𝐻𝐻 = 𝑇𝑇0 − 6.5 ∙ 𝐻𝐻 [𝑘𝑘𝑘𝑘], [𝐾𝐾]  (10) and 𝑝𝑝𝐻𝐻 = 𝑝𝑝0 ∙ �
𝑇𝑇𝐻𝐻
𝑇𝑇0
�

5.2553
                                                           (11)  
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and  𝑇𝑇𝐻𝐻∗ = 𝑇𝑇𝐻𝐻 + 𝑉𝑉2

2∙𝐶𝐶𝑝𝑝
                                                                                                                                      (12)  

or 𝑇𝑇𝐻𝐻∗ = 𝑇𝑇𝐻𝐻 ∙ �1 + (𝑘𝑘−1)
2

∙ 𝑀𝑀𝑀𝑀𝑀𝑀ℎ2�                                                                                                                (13)  

and  𝑝𝑝𝐻𝐻∗ = 𝑝𝑝𝐻𝐻 ∙ �1 + (𝑘𝑘−1)
2

∙ 𝑀𝑀𝑀𝑀𝑀𝑀ℎ2�
�𝑘𝑘−1
𝑘𝑘 �

                                                                                    (14)  
• dynamic pressure ratio:  

𝜋𝜋𝑑𝑑∗ = 𝑝𝑝𝐻𝐻
∗

𝑝𝑝𝐻𝐻
=  �𝑇𝑇𝐻𝐻

∗

𝑇𝑇𝐻𝐻
�
�𝑘𝑘−1
𝑘𝑘 �

= �1 + (𝑘𝑘−1)
2

∙ 𝑀𝑀𝑀𝑀𝑀𝑀ℎ2�
�𝑘𝑘−1
𝑘𝑘 �

 =  �Θ(𝑀𝑀𝑀𝑀𝑀𝑀ℎ)��
𝑘𝑘−1
𝑘𝑘 �   

        
(15) 

• dynamic pressure ratio at Off-Design Regime (Mach number = 0.9) is:  

𝜋𝜋𝑑𝑑∗ = �1 + (𝑘𝑘−1)
2

∙ 𝑀𝑀𝑀𝑀𝑀𝑀ℎ2�
�𝑘𝑘−1
𝑘𝑘 �

= �1 + (1.4−1)
2

∙ 0.82�
�1.4−1

1.4 �
= 1.035  

• conditions at compressor inlet-station 1∗:𝑝𝑝1
∗ = 𝜎𝜎𝑑𝑑𝑑𝑑∗ ∙  𝑝𝑝𝐻𝐻∗ (16) ,𝑇𝑇1

∗ =  𝑇𝑇𝐻𝐻∗   (17)   
, 𝑖𝑖1∗ =  𝑖𝑖𝐻𝐻∗ (18)  
• conditions at combustor inlet - station 2∗: 

 𝑝𝑝2
∗ = 𝜋𝜋𝑐𝑐∗ ∙  𝑝𝑝1

∗   (19), 𝑖𝑖2∗ =  𝑖𝑖1∗ ∙ �1 +
�(𝜋𝜋𝑐𝑐∗)

𝑘𝑘−1
𝑘𝑘 −1�

𝜂𝜂𝑐𝑐∗
�   (20), 𝑇𝑇2

∗ = 𝑖𝑖2
∗

𝐶𝐶𝑝𝑝
  (21)  

• conditions at turbine inlet - station 3∗: 
 𝑝𝑝3
∗ = 𝜎𝜎𝑐𝑐𝑐𝑐∗ ∙  𝑝𝑝2

∗ (22),∙ 𝑇𝑇3
∗ being given, then:  𝑖𝑖3∗ = 𝐶𝐶𝑝𝑝𝑝𝑝  ∙ 𝑇𝑇3

∗                               (23)  
• fuel flow coefficient (from energy balance eqn. in combustor): 

𝑚𝑚𝑐𝑐 = (𝑖𝑖3
∗−𝑖𝑖2

∗)
�𝜉𝜉𝑐𝑐𝑐𝑐 ∙𝑃𝑃𝑐𝑐𝑐𝑐−𝑖𝑖3

∗�
                                                                                                                 (24) 

• burned gas flow coefficient (from mass balance eqn. in combustor): 
𝑚𝑚𝑔𝑔 = 1 + 𝑚𝑚𝑐𝑐                                                                                                                                               (25) 

• fuel flow coefficient: 𝑚𝑚𝑐𝑐 =  𝑀̇𝑀𝑐𝑐
𝑀̇𝑀𝑎𝑎

                                                                                (26)  

• burned gas flow coefficient: 𝑚𝑚𝑔𝑔 =  𝑀̇𝑀𝑔𝑔

𝑀̇𝑀𝑎𝑎
                                                                     (27)  

• conditions at turbine exit - station 4∗: 
 𝑖𝑖4∗ =  𝑖𝑖3∗ −  𝑙𝑙𝑡𝑡∗ (28),  𝑇𝑇4

∗ = 𝑖𝑖4
∗

𝐶𝐶𝑝𝑝𝑝𝑝
 (29);  𝑝𝑝4

∗ =  𝛿𝛿𝑡𝑡
∗

𝑝𝑝3
∗  

 (30),  

• where 𝛿𝛿𝑡𝑡∗  is the pressure ratio in turbine, and it comes out from the expression of 

specific work in turbine. 𝛿𝛿𝑡𝑡∗ =   �1 − 𝑙𝑙𝑡𝑡_𝑖𝑖𝑖𝑖
∗

𝑖𝑖3
∗ �

−� 𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘−1�

                                                                               (31)  

• conditions at nozzle exit - station 5:  
case: full exhaust nozzle expansion: 𝑝𝑝5 = 𝑝𝑝𝐻𝐻 (32) , then the thrust obtained is maximum  
case: partial exhaust nozzle expansion: 

 𝑝𝑝5 =  𝑝𝑝𝑐𝑐𝑐𝑐 < 𝑝𝑝𝐻𝐻  (34),   𝑝𝑝𝑐𝑐𝑐𝑐 =  � 2
𝑘𝑘𝑘𝑘+1

�
� 𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘−1� ∙ 𝑝𝑝4

∗  (35)  

• velocity of expelled gas 𝑐𝑐5 [m/s], (36):  

𝑐𝑐5  =  𝜑𝜑𝑎𝑎𝑎𝑎 ∙

⎷
⃓⃓
⃓⃓
⃓⃓
⃓⃓
⃓⃓
�

2 ∙

⎩
⎪
⎨

⎪
⎧�𝑖𝑖3∗ ∙ (1 − 𝜋𝜋𝑑𝑑∗ ∙ 𝜎𝜎𝑑𝑑𝑑𝑑∗ ∙ 𝜋𝜋𝑐𝑐∗ ∙ 𝜎𝜎𝑐𝑐𝑐𝑐∗ )−�

𝑘𝑘𝑘𝑘−1
𝑘𝑘𝑘𝑘 �� −

−𝑖𝑖1∗ ∙ �
(𝜋𝜋𝑐𝑐∗)

𝑘𝑘−1
𝑘𝑘 − 1

𝜂𝜂𝑐𝑐∗ ∙ 𝜂𝜂𝑡𝑡∗ ∙ 𝜂𝜂𝑚𝑚
�

⎭
⎪
⎬

⎪
⎫

   (36) 

 
• the turbojet engine performances:  

• specific thrust: 𝐹𝐹𝑠𝑠𝑠𝑠 = 𝑚𝑚𝑔𝑔 ∙ 𝑐𝑐5 − 𝑉𝑉, �𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘
�,                                                (37)  

• thrust: 𝐹𝐹 = 𝐹𝐹𝑠𝑠𝑠𝑠 ∙  𝑀̇𝑀𝑎𝑎  , [𝑁𝑁] ,                                                                       (38)  
• specific fuel consumption: 𝐶𝐶𝑠𝑠𝑠𝑠 = 3600 ∙𝑚𝑚𝑐𝑐

𝐹𝐹𝑠𝑠𝑠𝑠
, �𝑘𝑘𝑘𝑘

𝑁𝑁ℎ
�                                         (39)  
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• the influence of altitude, flight Mach number and rotor speed on Airflow Mass Rate 
and compressor pressure ratio:  
• Airflow Mass Rate (40) is influenced by the change of altitude and flight Mach 

number, by the means of the variation of compressor pressure ratio, dynamic pressure 
ratio and the ratio of static pressures at altitude H [km] versus SLS, ISA conditions:  

 𝑀̇𝑀𝑎𝑎 =  𝑀̇𝑀𝑎𝑎0 ∙
𝜋𝜋𝑐𝑐∗

𝜋𝜋𝑐𝑐∗0
∙ 𝜋𝜋𝑑𝑑∗ ∙

𝑝𝑝𝐻𝐻
𝑝𝑝0

               (40) 

• specific work on compression (41) changes with the square of rotor speed (42)  
𝑙𝑙𝑐𝑐∗ =  𝑙𝑙𝑐𝑐∗0 ∙ 𝑛𝑛�

2  (41) 
• rotor speed % (42) represents the ratio of speeds at operating versus nominal 

engine regime:  
𝑛𝑛� =

𝑛𝑛
𝑛𝑛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  

  (42) 

• the relations between specific work of compressor, compressor pressure ratio, 
intake enthalpy and rotor speed, are (43) for SLS, ISA conditions and (44) for the flight at 
altitude:  

𝑙𝑙𝑐𝑐∗0 = 𝑖𝑖0 ∙ �
�𝜋𝜋𝑐𝑐∗0�

𝑘𝑘−1
𝑘𝑘 − 1

𝜂𝜂𝑐𝑐∗0
�     (43) 

𝑙𝑙𝑐𝑐∗ =  𝑖𝑖𝐻𝐻∗ ∙  �1 +
�(𝜋𝜋𝑐𝑐∗)

𝑘𝑘−1
𝑘𝑘 − 1�

𝜂𝜂𝑐𝑐∗
� (44) 

• the influence of altitude, flight Mach number and rotor speed on compressor 
pressure ratio (45) - (48) is deduced from relations (43), (44) and (41); the ratio of 
compressor efficiencies at operating regime versus nominal can be taken about 1.0 (as 
initial approximation or in case that the universal compressor map is not available):  

𝜋𝜋𝑐𝑐∗ =   �1 + ��𝜋𝜋𝑐𝑐∗0�
𝑘𝑘−1
𝑘𝑘 − 1� ∙ 𝑖𝑖0

𝑖𝑖𝐻𝐻
∗ ∙ 𝑛𝑛�2 ∙ 𝜂𝜂𝑐𝑐

∗

𝜂𝜂𝑐𝑐∗0
�
� 𝑘𝑘
𝑘𝑘−1�

  (45) 

𝜋𝜋𝑐𝑐∗ =   �1 + ��𝜋𝜋𝑐𝑐∗0�
𝑘𝑘−1
𝑘𝑘 − 1� ∙

𝑖𝑖0
𝑖𝑖𝐻𝐻∗
∙ 𝑛𝑛�2�

� 𝑘𝑘
𝑘𝑘−1�

 (46) 

𝜋𝜋𝑐𝑐∗ =   �1 + ��𝜋𝜋𝑐𝑐∗0�
𝑘𝑘−1
𝑘𝑘 − 1� ∙

𝑖𝑖0
𝑖𝑖𝐻𝐻∗
∙ 𝑛𝑛�2�

� 𝑘𝑘
𝑘𝑘−1�

 (47) 

𝜋𝜋𝑐𝑐∗ =   �1 + 𝑙𝑙𝑐𝑐_𝑖𝑖𝑖𝑖
𝑖𝑖𝐻𝐻
∗ ∙ 𝑛𝑛�2�

� 𝑘𝑘
𝑘𝑘−1�

   (48) 

 
The results of Numerical Simulations for the Design Regime and Off-Design Regime, 

in case of the TJ 100 turbojet engine are summarized in Table 2:  
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Table 2 – Results of Performance Prediction at Design Regime and Off-Design Regime  
Pressure Ratio  5  
Airflow Mass Rate [kg/s]  1.74 [kg/s]  
Fuel Flow Mass Rate [kg/s]  0.0185 [kg/s]  

Turbine Inlet Stagnation Temperature T3T [K]  1123 [K]  
Turbine Exit Stagnation Temperature T4T [K]  956 [K]  

Velocity of expelled gas 𝑐𝑐5 [m/s]  524 [m/s]  
Performance Prediction at Design Regime (H=0, Mach =0)  

Thrust [N] ; Thrust [daN]  1000.881 [N]  100.09 [daN]  
Specific Thrust [N*s/kg]  574.21 [N*s/kg]  574.21 [N*s/kg]  
Specific Fuel Consumption [kg/N/h]  0.1077 [kg/N/h]  1.077 [kg/daN/h]  
Flight Regime: H [km], Mach number  

H [km]  9 [km]  9 [km]  
Mach  0.8  0.8  

V [m/s]  246 [m/s]  246 [m/s]  
The influence of the flight regime on turbojet engine parameters (Pressure 
Ratio, Airflow Mass Rate, Fuel Flow Mass Rate) and performances  

Pressure Ratio  5.0  5.517  5.7123  5.7123  
Airflow Mass Rate [kg/s]  1.74  1.2501  0.9366  0.9366 [kg/s]  
Fuel Flow Mass Rate [kg/s]  0.0185  0.0338  0.0259  0.0259 [kg/s]  

Velocity of expelled gas 𝑐𝑐5 [m/s]  708 [m/s]  
Performance Prediction at Off- Design Regime (H=9, Mach = 0.8)  

Thrust [N] ; Thrust [daN]  494.85 [N]  ≅ 49.50 [daN]  
Specific Thrust [N*s/kg]  474.06 [N*s/kg]  474.06 [N*s/kg]  
Specific Fuel Consumption [kg/N/h]  0.1343 [kg/N/h]  1.343 [kg/daN/h]  

 
Altitude Map is presented in Fig. 4 and Velocity Map is depicted in Fig. 5.  
Rotor Speed Map, illustrated in Fig. 6, was calculated for the following rotor speed 

regimes:  
• rotor speed: 𝑛𝑛� = 1.05   Emergency Max. Regime  105% n  
• rotor speed: 𝑛𝑛� = 1.00   Design Regime  100% n  
• rotor speed: 𝑛𝑛� = 0.91   Cruise Regime  91% n  
• rotor speed: 𝑛𝑛� = 0.84   Lowered Cruise Regime  84% n  
• rotor speed: 𝑛𝑛� = 0.50   Ground Idle Regime  50% n  
where:  𝑛𝑛� =

𝑛𝑛𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂  𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

𝑛𝑛𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷  𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
  is the non-dimensional rotor speed.  

 

   
Thrust  Specific Thrust  Specific Fuel Consumption  

 
FIG. 4 Altitude Map  
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Thrust  Specific Thrust  Specific Fuel Consumption  

 
FIG. 5 Velocity Map  

 

   
Thrust  Specific Thrust  Specific Fuel Consumption  

 
FIG. 6  Rotor Speed Map  

 
3. TOPIC #2: DESIGN AND REVERSE ENGINEERING IN CASE OF AXIAL 

COMPRESSOR AND FAN ROTOR BLADES  
 

The design of the blade airfoil results from the kinematics of the blade cascade; the 
velocity vectors determine the deflection of the fluid flow and by way of consequence the 
twist of the blade airfoil.  

Reverse Engineering enables to obtain the geometry of a 3D body.  
In case of the axial compressor rotor blade, presented in Fig, 7, direct measurements 

provided the following values for the Blade chord = 30 [mm] and Blade-max_thickness = 
3 [mm].  

Since the blade chord is constant along the blade span, then the airfoil surface is 
generated by the translation of the NACA 4-digits Airfoil from blade hub to blade tip.  

By using Airfoil Tools, [27] following the selection of the NACA 2412, result the non-
dimensional coordinates (X, Y) and the real (dimensional) coordinates (Xr, Yr) of the 
NACA 2412 Airfoil:  

Xr [mm] = X * Blade chord  
Yr [mm] = Y * Blade max_thickness  

  
 

View from Pressure Surface  View from Sucction Surface  View from Blade Tip  
FIG. 7 Axial Compressor Rotor Blade  
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The significance of the digits in case of the NACA 2412 Airfoil is:  
• Max Camber = 2 (%); first digit can range between 0 to 9.5%  
• Max Camber position = 40 (%); second digit can range between 

0 to 90%  
• Thickness = 12 (%), third & fourth digit can range between 1 to 

40%  
 

 
 

FIG. 8  NACA 2412 Airfoil (M=2.0% P=40.0% T=12.0%), [27]  
 

NACA 2412 Airfoil using the NACA 4-digit Airfoil generator, [27], results as 
illustrated in Fig. 8, with Max thickness 12% at 30.7% chord and Max camber 2% at 
38.3% chord.  
 

   
𝜒𝜒[°] = [−30 ; −15 ; −4 ; 1 ; 0 ] 𝜒𝜒[°] = [−18 ; −7 ;  2 ; 5 ; 0 ] 𝜒𝜒[°] = [ 0 ;  5 ;  8 ; 6 ; 0 ] 

 
FIG. 9  Numerical Simulations of Sweep Effect Applied to Axial Compressor Rotor, [28]  

 
In other situations, the blade chord is not constant along the blade span, but the airfoil 

surface can still be generated by the translation of a NACA Airfoil from blade hub to 
blade tip.  

An effective method to increase the accuracy consists in considering different NACA 
airfoils for more intermediate blade spanwise sections, as well as for the blade hub and 
blade tip.  

In case of higher velocity airflow blade cascades, NACA 65 Series Airfoils behave 
better and therefore are more appropriated.  

In case of rotor fan blades, for large bypass turbofan engines for commercial aircraft, 
while running the engine at higher rotor speed regimes (cruise and design regimes), then 
shock waves may occur at blade tip, followed by boundary layer detachment and later re-
attachment. This is a risk situation and can be avoided or mitigated from blade design, 
following the application of sweep effect to different stations located blade spanwise.  

Numerical Simulations of sweep effect applied to an axial compressor rotor blade was 
performed and thorough details have been presented in [28]. In Fig. 9 are concluded the 
Numerical Simulations for different blade spanwise distributions of sweep angle 𝜒𝜒[°]; in 
light blue contours is represented the reference blade, while in dark blue contours is 
depicted the blade with sweep effect.  
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4. TOPIC #3: GUIDELINES OF RISK MANAGEMENT CUSTOMIZED FOR 
AEROSPACE ENGINEERING DESIGN  

 
Technology advancements in case of large turbofan engines for commercial aircrafts:  
1/ increased engine thrust due to enlargement of fan blade tip diameter resulting an 

increase of ingested airflow,  
2/ application of sweep to fan blades such that to avoid the occurrence of shock waves 

at blade tip while the engine is operated at high rotational speeds, Fig. 10, Fig. 11,  
3/ expanding the use of composites to fan parts (rotating blades, guiding vanes, 

casings), Fig. 12, allowed advanced aerodynamic design of fan blades and important 
decline of weight, and in the same time, as composites provide higher strength and 
stiffness, allowed product life cycle extension and the diminishing of costs related to 
manufacturing and maintenance.  

 

  
 

FIG. 10  Fan blade design evolution, [29]  
 

FIG. 11 GE 90 fan blade, [30]  
 

  
 

FIG. 12  Evolution of fan blade design, [31]  
 

FIG. 13  Evolution of fan technology, [32]  
 

The advantages provided by a composite fan blade, Fig. 11, to large bypass turbofan 
engines for commercial aircraft, are expressed by the following facts:  

1. Titanium leading edge, which ensure ingestion protection, serviceability, 
replaceable,  
2. Polyurethane coating, that brings reduced wear,  
3. Composite airfoil, due to higher strength and stiffness, increases the capability to 
support higher stresses and loads with lowered weight,  
4. Low crush stress, does not require lubrification.  
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FIG. 14 Design and technology advances in jet engines, GE NX Turbofan Engine, [33]  
 

The use of composites in jet engines, Fig. 13, Fig. 14, Fig. 15, can be successfully 
applied for the engine cold parts, like air inlet, fan, and partially to LPC – Low Pressure 
compressor, fuel system, FADEC system, fuel tanks.  
 

 
 

FIG. 15 Advanced LEAP turbofan engines, [34]  
 

Key elements of design and technology advances in jet engines are highlighted in Fig. 
14 for the GE NX large bypass turbofan engine and in Fig. 15 for the CFM International’s 
advanced LEAP product line, which is the engine of choice to power the Airbus A320neo, 
the Boeing 737 MAX, and the COMAC C919.  

Advanced technology of new LEAP turbofan engines enables to set new standards in 
utilization, reliability, and performance. Since CFM’s first LEAP engines entered revenue 
service in August 2016, the fleet has demonstrated world-class daily utilization rates and 
delivered a 15 percent improvement in fuel efficiency, along with significant reductions 
in noise and emissions signatures - all while maintaining CFM’s industry-leading 
reliability and overall cost of ownership, [34].   

The design and technology advances in jet engines emerged from continuous search 
for performance improvement and as well as the need to mitigate or to completely avoid 
risks in aircraft and jet engine operation.  

Management of assumed risks in case of damage tolerance is used in aircraft design. 
Damaged tolerance concept represents an assumed risk from the standpoint of the safety 
management of loads and stresses to which the aircraft is subjected. Examples for design 
load cases and resulting stresses in case of commercial aircraft are shown in Fig. 16. In 
Fig. 17 are shown levels of damage tolerance assessments.  
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FIG. 16 Design load and damage considerations for 
durability and damage tolerance, [16]. 

 
FIG. 17 Levels of damage tolerance 

assessments, [16] 
 

In case of composites, and especially carbon fiber composites, the “No Crack 
Growth” Concept of Carbon Fiber Reinforced Polymer CFRP is one of the most 
important Damage Tolerance Requirements. For the aircraft safety operation, health 
monitoring HM on composite material structures CMS is crucial.  

The lessons learned from the primary and secondary composite structures, up to B 
787, provided solid information and validations for the implementation of a variety of 
composite materials structural design constructions and fabrication methods. 
Summarizing the lessons learned on composite use in aerospace engineering, there were 
successfully used:  

• application of innovative design and technology advances in jet engines;  
• advanced technology of new LEAP turbofan engines that enables to set new 

standards in utilization, reliability, and performance;  
• application of advanced composites to aircraft and fiberglass rotor technology;  
• carbon fiber epoxy laminates, for all fuselage sections, main wing box, horizontal 

and vertical stabilizer boxes;  
• carbon fiber laminate materials, for wing leading edge slats and trailing edge flaps;  
• carbon sandwich constructions, for secondary structures (rudder, elevators, winglets, 

nacelle cowlings)  
• glass fiber epoxy, other composites or similar materials, for several fairings on the 

wing stabilizers, radome, wing-to-fuselage fairings,  
• metal alloys, for the leading edge of the nacelles, for the reason of serving as a good 

heat conductor, for thermal anti-icing,  
• titanium based alloys, for some joints and internal substructures like heavy-load 

carrying fittings, and for most of the landing gear components,  
• advanced composites as fiberglass rotor technology, helicopters and rotor blade 

helicopters.  
 

Table 3 – Examples of composite use in aircraft and helicopter parts 

Aircraft Parts Composite Materials, 
Composite Technology Helicopter Parts 

Composite Materials, 
Composite 
Technology 

Leading edges RTM (Resin Transfer 
Molding) 

Main rotor hub 
plate Prepreg curing 

Clips TP Stamping Tail rotor blade RTM (Resin Transfer 
Molding) 

Structural interior parts RTM, Curing Blade Prepreg Curing 

https://pinetteemidecau.eu/en/hydraulic-presses/curing
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Thermoplastic rotating 
parts Consolidation Structural parts RTM, Curing 

Stiffeners HDF (Hot Drape Forming)   
Preforms HDF   
TP consolidated plates Consolidation   
Honeycomb structural 
parts Compression & Curing   

Turbine blade Hot forming, 
Consolidation, RTM   

 
Before a new aircraft can obtain FAA certification, numerous tests must be performed 

in order to validate composite materials performance and to verify structural integrity. 
The test set includes Static Test, fatigue Test, Ground and Flight Tests.  

Analysis and testing ensure safety and reliability must be performed increasing the 
levels of complexity, from material specimens, elements, assemblies, components up to 
airplane.  

 
5. CONCLUSIONS 

 
This paper is structured on three main parts: 1/ analysis of turbojet engine 

performance prediction at Design Regime and Off-Design Regimes, based on the thermo-
gas-dynamics of turbojet engine; 2/ design and reverse engineering in case of axial 
compressor and fan rotor blades, design and technology advances in jet engines, 3/ 
guidelines of risk management customized for aerospace engineering design. 

The topics considered for this study are the most significant and common encountered 
in aerospace engineering design. Each study subject was developed such that to highlight 
the appropriate solution and to perform Risk Management, following the successive 
completion of the stages:  

1/ Risk Identification,  
2/ Risk Assessment, from the standpoint of impact and likelihood,  
3/ Prioritization of risks, 4/ pointing out the actions to be taken, which can be one of 

the following options: a/ tolerate, b/ treat, c/ substitute, d/ terminate. The options for Risk 
mitigation are: a/ tolerate, b/ treat, while the options to avoid or to eliminate risks are: c/ 
substitute, d/ terminate.  

6/ Risk monitor and report, to develop the Risk Register, which is a database of 
information on risks;  

7/ Risks reviewed periodically.  
Risk Intelligent is a holistic approach of Risk Management, considered globally, that 

is looking at the entire system as a whole, not just focusing on some parts of the system, 
without also considering the determining relationships and interactions between the 
various parts of the general system. Risk Intelligent can be considered as a tool for Active 
Control serving Risk Management to control and maintain the adjusted balance between 
risks and reward. The ultimate goal of Risk Intelligent is to create added value by 
assuming risks and enabling simultaneously to protect, keep and maintain the values 
already accumulated.  
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