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ABSTRACT 

This master thesis deals with the understanding of the secondary air system of a 
three spool turbofan. The main purpose is the creation of secondary air system 
and thermal models to evaluate the behavior of this kind of engine architecture 

and estimate the pros and cons in comparison with a typical two spool turbofan. A 
finite element model of the secondary air system of the engine has been designed 
based on the experience of typical jet engines manufactured by Snecma. The 

inner thermodynamic pattern and mass flow rates of the engine were obtained. 
Some local improvements were then made by making analogies with the engines 
manufactured by Snecma. After having communicated the results to the 

performance unit to get updates thermodynamic cycles, a quite reliable model was 
obtained and can be used as a reference for further studies of this kind of  engine 
at Snecma. 

 

SAMMANFATTNING 

 

Det här examensarbetet handlar om begriplighet av det inre kylsystemet och 
tätningssystemet av en trippel-axlar jet motor. Huvudsyftet är att bygga en hel 
modell av de inre luftströmmarna och de olika värmeöverföringarna för att simulera 

motorns beteende och bedöma för- och nackdelar med en typisk dubbel-axlar 
motor. Hittills har en finita-element modell blivit byggt tack vare Snecmas 
erfarenhet om de typiska motorerna. Det termodynamiska beteendet och de inre 

massflödena har varit beräknade. Några lokala förbättringar har varit gjorda 
genom att jämföra de sistnämnda med motorerna som tillverkades av Snecma. 
Sedan var resultat kommunicerade till performans departementen för att få de 

uppdaterade termodynamiska cyklarna. Slutlingen byggdes en ganska tillförlitlig 
modell som kan användas som en referensmodell för vidare studier om trippel-
axlar jet motorerna. 
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NOMENCLATURE 

 

Latin Symbols 
 

C  Cavity 
Cd  Discharge coefficient 

Cp  Specific heat coefficient 
Dr  Reduced mass flow rate 
h  Specific enthalpy 

J  Clearances 
K  Entrainment or dragging coefficient 
Kp  Proportional coefficient for the pressure 

Kt  Proportional coefficient for the temperature 
M  Mach number 
P  Pressure  

q  Mass flow rate 
r  Radius (from the center of the inner shaft) 
R  Restriction 

S  Surface 
T  Temperature 
Vθ  Tangential velocity 
 
 

Greek Symbols 
 

η  Recovery ratio   
ω  Rotational velocity   
 
 

Subscripts 
 

down  Downstream conditions 
laby  Labyrinth 
r  Reduced variable 

real  Experimental variable 
samp  Sampling 
th  Theoretical variable 

up  Upstream conditions 
 

 
Abbreviations 
 

AGB  Accessory GearBox 
BPR  By Pass Ratio 
CC  Combustion Chamber 

CR  Cruise 
FAR  Fuel Air Ratio 
HP  High Pressure 

HPC  High Pressure Compressor 
HPT  High Pressure Turbine 
IP  Intermediate Pressure 
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IPC  Intermediate Pressure Compressor 
IPT  Intermediate Pressure Turbine 

LP  Low Pressure 
LPC  Low Pressure Compressor 
LPT  Low Pressure Turbine 

SAS  Secondary Air System 
T/O  Take-Off 
WAR  Water Air Ratio 
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1 BACKGROUND 

 

1.1 Principles of jet propulsion 
 
Jet propulsion is a simple application of Newton’s third law of motion, also known 
as principle of reaction, which states that “for every force acting on a body, there is 

an opposite and equal reaction”. Regarding aircraft propulsion, the body is the 
stream of air that is accelerated as it passes through the jet engine. The effort 
required to produce this acceleration also acts on the aircraft, in the opposite 

direction, creating the thrust. 
 

 
 

Figure 1.1 Basic principle of jet propulsion 

 
Different methods of jet propulsion and different types of jet engines can be 
distinguished according to how the energy contained in the air is converted into 

power for flight. Jet engines are usually sorted into two main categories: the gas 
turbines and the ram powered jet engines. 
 

Both of them use the same basic principle to increase the kinetic energy and give 
its acceleration to the air. The pressure energy of the air is first of all increased by 
compression, then heat energy is added to the fluid by pulverizing kerosene and 

igniting it, before being converted back to kinetic energy. The difference resides in 
the architecture of these engines. Whereas gas turbines use several stages of 
axial or centrifugal compressors, the air in ram powered jet engines is simply 

compressed when passing through the inlet or the diffuser.  
 
Subcategories of gas turbines and ram powered jet engines can then be settled.  

 
This thesis focuses only on one type of gas turbine: the triple-spool turbofan. 
 

 

1.2 Triple-spool turbofan architecture 
 
 
Turbofans are certainly the most common jet engines today. Widely used for both 

civil and military aircrafts, it is composed of two portions acting together to produce 
thrust. The first part of the airflow, so called primary flow, passes through the fan 
and the core where it is compressed and mixed with the burning fuel before being 

expelled at high velocity, as the secondary flow is slightly accelerated when 
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passing through the fan and immediately expelled. The bypass ratio or BPR is the 
ratio between the mass flow rate bypassing the engine core to the mass flow rate 

passing through the core. Civil engines usually have a high BPR resulting in a 
lower specific fuel consumption but resulting also in a lower top speed and a 
heavier engine. On the contrary, military engines have a very low BPR to be able 

to reach supersonic speeds. 
 

 
 

Figure 1.2 LEAP-X Turbofan 

 

The core of a triple-spool turbofan is composed of the same elements as in any 
other gas turbine: 
 

 A large fan, driving a part of the flow to the core 
 Several compressor stages, divided in low, intermediate and high pressure 

compressors (respectively LPC, IPC and HPC), increasing the pressure 

energy of the flow 
 A combustion chamber (CC) where the fuel is mixed to the air by 

pulverization and burnt, providing extra heat energy 

 Several turbine stages, divided in high, intermediate and low turbines 
(respectively HPT, IPT and LPT), converting a part of the kinetic energy of 
the flow into mechanical energy to drive the compressors 

 A nozzle where the flow gets its final acceleration and is expelled 
 
As one may notice, the particularity of triple-spool engines resides in the presence 

of intermediate pressure compressors mounted on a separate shaft running 
concentrically with the HP and LP shafts and driven by the intermediate pressure 
turbines. This results in higher compression ratio and thrust, but the engine weight 

is also increased significantly. 
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Figure 1.3 Triple-spool turbofan 

 

 

1.3 Secondary air system 
 
 
We have seen previously how the kinetic energy of the air can be enhanced as it 

passes through the engine core to produce thrust. However, the intake air does 
not contribute fully to the engine thrust. A part of it is taken to assure secondary 
functions, important for the efficient operation of the engine. This is the so-called 

secondary air system (SAS). The functions to be ensured by the SAS can be 
categorized in four distinct classes: 
 

 Cooling and heating 
 Sealing 
 Control of bearing loads 

 Aircraft services 
 
 

1.3.1 Cooling and heating 

A fundamental function of the SAS is to control the temperature of the different 

parts of the engine and other accessories by cooling or heating them, to maintain 
an even temperature distribution and optimum performances. This is not only 
essential to prevent hot parts from breaking because of excessive thermal 

stresses but also to avoid their deformation and to maintain minimum clearances 
between stators and rotors.     
 

Turbines, for example, have to withstand high thermal stresses and are often 
submitted to temperatures beyond the melting point of turbine material. That is 
why turbines blades need to be constantly cooled down. Therefore, turbine disks 
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must be cooled as well to keep a low temperature gradient and avoid fatigue and 
high dilatation rates. 

 
For the same reason, HPC disks must be cooled down to assure an even 
temperature distribution and avoid uncontrolled deformations. 

 
Numerous methods of cooling can be distinguished. Turbine blades are generally 
drilled cooled down by internal convection and film cooling with cool air from the 

IPC and HPC. External convection is used for compressor and turbine disks. 
  
Certain parts of the engine need on the contrary to be heated up, mainly in order 

to prevent ice formation when flying through the clouds and possible ingestion in 
the core, what could damage the blades or put out the combustion chamber. This 
concerns mainly the front of the nacelle, with the nose cone and the nose cowl. 

This is usually done by taking hot air from the HPC. 
 
 

1.3.2 Sealing 

Another function fulfilled by the SAS, as important as cooling, is sealing. The term 

sealing refers here in reality to two sub-functions. 
 
The first one is the pressurization of the bearing chambers to prevent oil leakage. 

Several sealing technologies exist, but the most commonly used is the labyrinth. It 
consists in a rotating part equipped with fins and a static one covered with an 
abradable material or a honeycomb structure. When the engine is ignited for the 

first time, the fins naturally create minimum clearances by cutting into the 
abradable material. The sealing is then basically done by driving the airflow from 
the outside to the inside of the bearing chamber, via the labyrinths. Other 

advanced technologies designed to reduce the airflow entering into the bearing 
chambers can be encountered.  
 

 
 

Figure 1.4 Labyrinth seal (before and after operation) 

 
 The second sub-function is the turbines cavity purge that is the prevention of hot 
gas ingestion in the cavities below the turbines, what would cause overheating and 

fatigue on the turbine disks.  Due to the high pressure in the turbines area, a 
circulation of hot gas is naturally created into the disk rim spaces and could fill the 
cavities below. To avoid that, cool air is constantly supplied into the disk cavities to 

oppose the flow of hot gas and, at the same time, cool down the disks. 
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1.3.3 Control of bearing loads 

The next function of the SAS is to control the bearing loads. The location bearing 
in the middle of the engine is submitted to two opposite axial forces: the 
compressor forward loads and the turbine rearward loads. Therefore the difference 

between them must be minimized. This is done by creating internal airflow acting 
on so called pressure balance seals. 
 

 
1.3.4 Aircraft services 

Eventually, certain aircraft services like the cabin pressurization and heating 
required to bleed some quantity of air from the engine core.   
 

 
 

Figure 1.5 SAS of a triple-spool turbofan (global view) 

 

1.4 Oil System 
 
 
The lubrication and the secondary air system are closely related insofar as the air 

entering the bearing chambers is mixed up with oil droplets to create an air/oil mist 
and evacuated by the same circuit.  
 

The main objective of the lubrication system is to provide lubrication and cooling 
for the different bearings and gears constituting the engine. Most jet engines have 
a self-contained recirculatory oil system: the oil is distributed around the engine 
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and pumped back into the tanks after being cooled down and separated from the 
air it contains by passing through a breather.  

 
The circuit downstream the chamber contributes to reduce the air/oil pressure to 
perform all the tasks before exposed. This will impact retroactively on the pressure 

inside the bearing chambers, that is why the oil system must be modeled, at least 
the scavenge part. 
 

 

1.5 SAS overview 
 
 
The following scheme summarizes the different functions listed before, and 

illustrates a typical SAS architecture for a double spool jet engine 
 
 

 
 

Figure 1.6: Example of SAS architecture 

 

 
Circuit Number Main Functions 

1 
LPC rotor cooling 
Front bearing chamber pressurization (front) 

2 

Front bearing chamber pressurization (rear) 
HPC, HPT and LPT disk cooling (last stage) 
Rear bearing chamber pressurization 
LPT rear cavity purge 

3 
HPT rear cavity cooling and purge 
LPT nozzle cooling 
LPT front cavity cooling and purge 

4 
HPT front cavity purge 
HPT rotor blade cooling 

5 HPT nozzle and HPT lower part cooling 

6 HPT upper part cooling 
7 Nacelle anti icing 

8 LPT active clearance control 

9 Customer bleed and wing anti icing 
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2 OBJECTIVES 

 
As said in the previous section, the term “jet engine” often refers to an internal 
combustion airbreathing jet engine, consisting of rotating compressors driven by 

turbines, and both being separated by a combustion chamber. This is the primary 
air system, responsible for the creation of thrust, but jet engines include another 
secondary air system essential for its efficient operation. 

 
The architecture of this secondary air system, which mainly assures the cooling of 
the hot parts of the engine and the bearing chambers sealing to avoid oil leakage, 

is well known. But in the case of a triple-spool engine, with multiple rotor stages 
and bearing chambers, the conception of the secondary air system is more 
complicated and need further studies; all the more that Snecma is not specialized 

in this kind of engine. 
 
Therefore, the main purpose of this thesis is the understanding and the 

construction of a secondary air system model of a typical triple-spool jet engine. 
Having a reliable model will help to understand the behavior of this kind of engine 
in different situations and may lead to a different approach regarding the 

conception of jet engines at Snecma, different from the classical CFM architecture. 
 
Once the model made, it will be tested for different operating points from take-off 

to cruise conditions, for both new and fully deteriorated engine and for both 
nominal and breakdown conditions. This helps to exhibit the main problems 
encountered in the specific case of triple spool jet engines and to stress the 

principal difficulties regarding the engine cooling and sealing systems compared 
with a classical jet motor. 
 

The basic principles of jet propulsion and the different functions to be ensured by 
the secondary air system have already been seen in the previous section, the 
following parts of this report focus on how the FEM model has been built and the 

methodology adopted.   
 
Due to confidential issues the complete results cannot be divulged.  
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3 METHOD OF ATTACK 

 

The generation of a whole SAS model is quite a long iterative process and can be 
divided in several steps. This section and the following diagram give an overview 
of the different steps performed. More details are given in section 4. 

 
 

 
 

Figure 3.1 Creation of a SAS model 

 
 

 

3.1 Understanding of the SAS 
 
 

The understanding and elaboration of a SAS during the pre-processing phase is 
generally done in four steps: 
 

1. List the different functions to be ensured by the SAS, as described in the 
first section, and in this case identify the specific functions of triple spool jet 
engines 

2. Draw a first scheme of the SAS 
3. Determine, based on the experience of classical double spool engines, 

where the air is taken and driven to fulfill all the requirements 

4. Determine, still based on the experience, the mass flow rate needed for 
each of these functions 

 

A minimum of information is necessary to carry out this first task. First, the engine 
architecture, which involves the number of compressor and turbine stages or the 
presence of contra-rotating shaft for instance, must be given. In this case, the 

study is based on a common triple spool jet engine.  Then a cross section of the 
engine, representing the main parts of the cooling system, serves as a basis for 
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the rest of the elaboration of the model. As the understanding of the SAS 
progress, other critical points such as the sealing technologies can be discussed.    

 
 
3.1.1 SAS functions to ensured 

As before said the first step is to list all the functions to be ensured by the SAS. 
These are of different nature – cooling, sealing and anti-icing – and are listed 

hereafter. 
 

 Nacelle anti-icing 

 IPC bore cooling 
 HPC bore cooling 
 Bearing chambers pressurization 

 HPT front and rear cavity purges 
 HPT nozzle, disk and blade cooling 
 IPT front and rear cavity purges 

 IPT nozzle and disk cooling 
 LPT purges, at least for the first stage 
 LPT nozzles and disks cooling 

 (Customer bleed) 
 
Some of these functions are inherent in triple spool engines. This is obviously the 

case for all those related to the intermediate pressure stages, but the presence of 
an additional shaft also implies the multiplication of bearings and makes the 
sealing system more complex. 

 
 
3.1.2 Reference values 

The aim of this thesis is to build a first SAS model for triple spool engines. This 
model is expected to be as close to the reality as possible and robust enough to 

serve for further studies of this kind of engine.  But this architecture is quite ill-
known at Snecma and the creation of the model is based on the experience of 
double-spool engines. As a consequence it is important to identify the parts of the 
engine where analogies can be drawn between the two technologies to have some 

order of magnitudes in mind to adjust the model. 
 
Although this thesis deals with an unusual technology, some basic functions to be 

ensured by the SAS are indeed in common with double spool engines. Therefore 
we can assume that the mass flow rates needed to meet these objectives are 
roughly the same. The following mass flow rates were chosen as references to 

build the model. 
 

 IPC bore cooling 

 HPC bore cooling 
 LPT cooling and purges 
 HPT blade cooling 
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3.2 Creation of the mesh 
 
 
3.2.1 Cavities and restrictions 

Once the geometry of the SAS is well known, the next step is its discretization in a 
certain number of cavities and restrictions. That is why the architecture of the SAS 

must be deeply investigated and understood before. A cavity is defined as an area 
with a homogeneous pressure and temperature. Two cavities are separated by 
one or several restrictions which can be holes, seals, tubes, vortex or any obstacle 

or change in the geometry responsible for a pressure drop.  
 
Cavities and restrictions are divided into different types according to their nature 

(holes, standard pressure drops, seals, vortices ...). Cavities are for example 
sorted in internal cavities, that respect the basic conservation laws of fluid 
mechanics, and external cavities. In this first part of the modeling, the type of each 

restriction and each cavity, and the links between them, must be determined but 
the geometry can be overlooked. This leads to a first mesh representing the SAS. 
 

 
 

 
 

Figure 3.2 Example of SAS mesh 
 

 
The mesh is generally built directly on the cross section of the engine, using here 
the pre-processing software PATRAN 

 
 
3.2.2 Heating effects 

SAS models are adiabatic: the solver is not able to compute the heat exchanges 
resulting from the interaction between the air and the solids, and from the viscosity 

of the fluid. As a consequence, to get reliable temperatures throughout the SAS 
model, it is necessary to integrate manually heating effects to the model that are 
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representative of the engine’s thermal behavior. The following effects for instance 
must be accounted for: 

 
 Bore cooling heating 
 Inter-shaft heating 

 Turbine nozzles heating 
 Bearing chambers heating/cooling 
 Heating effect in the pipes 

 Heating effect in the HP rotor cavities due to the flow viscosity 
 
These generally come from local thermal models. 

 
Although the model is adiabatic, it is able to compute the resulting enthalpy and 
temperature from the mixing of different air circuits. 

 
 

3.3 Determination of the boundary conditions 
 
 
The previous mesh is an exhaustive representation of the architecture of the SAS, 
and exhibits all the links between the different cavities and restrictions but, before 

starting the computations, all the boundary conditions must be assigned. 
 
These boundary conditions are separated into two categories: the ones 

corresponding to the external cavities and the others to the restrictions.   
If the model is complete, all external cavities are situated in the jet or the ambient 
pressure. Then the boundary conditions of the cavities are no more than the 

thermodynamic cycle of the engine (pressure and temperature in the jet). The 
latter was determined prior to this study by the performance unit of Snecma whom 
we were in contact with all along the thesis. Indeed, a modification of the 

thermodynamic cycle affects the SAS and vice versa, and being in contact with the 
performance unit is indispensable to keep the models up to date. If several 
operating points are investigated, it is relevant to define these boundary conditions 

as parameters of the thermodynamic cycle, which is part of the input data of the 
solver, to run the computations for multiple points at the same time. 
 

Regarding the restrictions, the boundary conditions depend on their type, but they 
are often related to geometry or constitutive laws. The nature and the 
determination of these boundary conditions are detailed in the following section. 

 
 

3.4 Computations 
 
 

Once the boundary conditions have been determined, all these characteristics are 
gathered in “cards” which need to be completed manually and which will serve as 
a basis for the FLUID solver. The detail of the computations is exposed in the 

Numerical Techniques section.   
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3.5 Analysis 
 
 
3.5.1 Traceability 

Before analyzing the results, it is always important to keep a trace of the 
construction of the model for further studies. While creating the model, an 

exhaustive description of it must be written. A document including information 
about all the cavities, restrictions and thermal exchanges is indispensable to 
understand how the model has been built. Any person can, at any moment, 

understand the current model and modify it easily if needed. An example of such a 
document is included below. 
 

External Cavities 

Name Pressure Temperature Location Details 
C001 P001 = … T001 = … … … 

C002 P002 = … T002 = … … … 

     
Restrictions 

Name Type Parameters Location Detail 

R001 1 S = … ; NB = … … … 

R002 9 S = … ; NB = … … … 
 

Table 3.1 Description of a SAS model 

 

 
3.5.2 Analysis with PATRAN 

Once the computations made, the results can be imported directly in the software 
PATRAN that served to build the mesh and the thermodynamic data and mass 

flow rates can be displayed on the mesh, with a cross section of the engine in 

background. 
 
 

3.5.3 Analysis with Excel 

Although this method is really quick to settle when the model has already been 
drawn with PATRAN, it presents some drawbacks. The main one is that it is not 

possible to display several operating points at the same time in order to visually 
compare them. Therefore, another file has been created with Excel. The SAS 

model is directly drawn on the cross section of the engine and some pre-
determined macros enable to import the results directly from the solver and 
represent it on the section. This method is particularly useful in the pre-processing 

phase since the modification of the representation of the SAS is simplified and any 
desired function, such as the display of two operating points on the same section 
or the immediate detection of some recurrent anomalies, can be added by the 

user. 
 
A description of such a document is given in the Results section. 
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3.6 Modification of the model and iteration 
 
 
Once the model has been made and the computations run, some problems can 

appear and reveal the need of some modifications. 
 
First we have seen that the input data are the thermodynamic parameters of the 

external cavities and the geometry of the different restrictions. Due to the 
uncertainty on the geometry, the mass flow rates can then be far from those 
expected or even inverted. That is why it is useful to choose some reference 

values, that we know close to the reality, as basis to refine the model and the 
engine geometry.    
 

Other problems stem from the fact that the model is used to compute the engine ’s 
behavior for a dozen of operating points but its creation is first based on only one. 
As a consequence it is possible that the model diverges and gives aberrant results 

even for a slightly modified thermodynamic cycle. 
 
All these problems may reveal a bad interpretation of the SAS in some part of the 

engine or more often a too restrictive or on the contrary a too simplistic model. 
Therefore the model constantly needs to be modified and improved while keeping 
the critical parameters close to the reference values. This iterative process is 

indispensable to guarantee the reliability of the model but, since we work on a 
model involving several hundreds of elements, it is also the longest task. 
 

 

3.7 Additional tests 
 
 
Once the iteration process is finished and the model judged robust enough, the 

latter can be used to simulate breakdown conditions.  For each functions of the 
SAS, one or several breakdown conditions must be identified and settled in the 
model.  
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4 NUMERICAL TECHNIQUES 

 

4.1 Architecture of the computation chain 
 

 
In this subsection, an overview of the computer chain and its functionalities is 
given. The aerothermal computer chain is actually composed of three tools  

 
1. PATRAN (commercial software) 
2. CCL (by Snecma) 

3. FLUID (by Snecma) 

 
The idea is to use PATRAN to build the mesh around the engine parts, over the 

cross section. A particular architecture of the SAS is supposed. Then, still in 
PATRAN and based on the hypothesis defined in section 4.2, the type of each 

cavity and restriction is defined. 

 
The boundary conditions, as to them, are assigned in the multitask platform CCL. 
The main advantages of using CCL instead of affecting directly the boundary 

conditions in PATRAN are the possibility to load the data of several operating 

points and to make some boundary conditions vary with the thermodynamic cycle. 
Therefore the computations are launched simultaneously for different sets of initial 

conditions. 
 
Finally, CCL launch the solver FLUID, which computes the data of the rest of the 

network that is the pressure and temperature of each internal cavity and the mass 
flow rates passing through the restrictions. Its basic principles are detailed in 
section 4.3  

 
  

PATRAN  CCL  FLUID 

- Design the mesh 
 

- Define the type of 
restrictions and cavities 

 
------------------------------------ 
 
- Display The results 

 - Read the 
thermodynamics data 

 
- Define the boundary 

conditions 
 
- Define the operating 

points to be computed  
 

- Launch the 
computations 

 
 
- Compute the pressures 

and temperatures 
inside the network 

 
- Compute the real and 

reduced mass flow 
rates, and the Mach 
through the restrictions 

 
Figure 4.1 The computation chain 
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4.2 General hypothesis 
 
 
As exposed in the previous section, a certain number of boundary conditions must 

be assigned before being able to start the computations. However, while some of 
them such as the thermodynamic cycle or the holes sections are well known or 
measurable, others have to be extrapolated. The following table summarizes the 

critical parameters for each type of cavity and restriction that appears in the model 
and whether it is known or not. 
 

 
Type of Cavity Known parameters Unknown parameters 

External cavity P, T in the jet P, T at the air sampling source 

   
Type of Restriction Known parameters Unknown parameters 

Sharp-edge orifice Hole section Number of holes 

Pressure loss Section Pressure drop coefficient 

Labyrinth 
Radius, 
Geometry of the fins  
Presence of honeycomb  

Clearances 

Vortex 
Radius 
Rotational speed 

Entrainment coefficient 

Flow nozzle Hole section 
Number of holes 
Discharge coefficient 

 
Table 4.1 Critical parameters 

 
 

It is worth noting that other types of restrictions, such as fixed or rotating holes, are 
available in the software and could lead to a more precise model, but they also 
require more data on the geometry and sometimes imply convergence issues 

while computing. Since we work on the first model of an ill-known engine, only the 
above mentioned “basic” restrictions, easy to tune in order to adjust the model, 
were used. 

 
During the pre-processing phase, and especially in this study of a particular 
architecture, some critical parameters indeed remain unknown and have to be 

assessed or approached by empirical formulas. Some examples are given 
hereafter. 
 

 
4.2.1 Cavities’ boundary condition 

Thanks to the work of the performance unit, we know the typical thermodynamic 
cycle of a triple spool jet engine in different flight conditions and for different health 
state. But the pressure at the air sampling point is unknown and need to be 

extrapolated.  
 
The latter was assumed as a linear combination of the pressures in the jet at the 

main points that surrounds the considered air sampling source. The coefficient Kp 
was estimated from a well-known operating point and applied to the others. 
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 (4.1) 

 
Where Psamp is the pressure at the sampling point, Pup and Pdown are the upstream 
and downstream pressures in the jet 

 
The same extrapolation is done for the temperatures. 
 

 
4.2.2 Pressure drops in the pipes 

If the geometry of the pipes is indicated, it is possible to compute the pressure 
drop in them very accurately. Some exhaustive handbooks, such as the IDEL’CIK 

available at Snecma, contain the list of all the existing obstacles that can be found 

in a SAS with the corresponding pressure drops. But in this study, given that some 
parts of the engine will be modeled quite roughly, a more basic model can be 
adopted regarding the pipes. Some empirical formulas are used to evaluate the 

pressure drops according to the geometry (inlet and exit effects, friction, number of 
bends…) of the pipes. The IDEL’CIK was used however to estimate other 

pressure drops (flow separation, flow reunion, bend …).  

 
 
4.2.3 Permeability curve 

Sometimes the previous technique appears to be too basic to describe the 
pressure drop in the pipes. Then, another way to describe a pipe is its permeability 

curve which represents the reduced mass flow rate Dr versus the pressure ratio 
Pdown/Pup between the upstream and downstream pressures.    
 

The reduced mass flow rate is defined as 
 
 

 
(4.2) 

 
 

where q denotes the mass flow rate, Tup and Pup the upstream temperature and 
pressure, S the pipe section, M the Mach number and Pdown the downstream 
pressure.  

 
The notion of reduced mass flow rate is particularly interesting because it depends 
only on the pressure ratio and makes the study of pressure drops easier. A typical 

permeability curve has the following shape 
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Figure 4.2 Example of permeability curve 

 
As expected, Dr increases when the difference between Pup and Pdown increases. 

However the increase of Dr is limited and a kind of saturation appears when the 
pressure ratio falls down below a certain critical value (0.528 for an ideal nozzle for 
instance), corresponding to M=1 in the pipe: Dr is blocked. Q is then independent 

from the downstream conditions. 
 
Practically, if the permeability curve of one pipe is known, it can be scaled using 

the surface ratio to describe another pipe. 
 
 

4.2.4 Clearances 

If the values of the different clearances are unknown, it is quite difficult to measure 

them on the section. According to their location in the engine, some default values 
can be adopted. Regarding the sealing system, the clearances Jlaby of the 
labyrinths can be assessed by some empirical formulas and slightly modified to 

meet the requirements. The following graph illustrates the repartition of the 
labyrinths clearances around the theoretical values. 

 

 

 
Figure 4.3 Labyrinth clearances 
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The values adopted in the model are close from the theoretical ones, except for a 
few of them that needed non negligible modifications to get the correct pressure 

difference ∆P and mass flow rate through the labyrinth. These labyrinths are 

generally situated in some parts of the engine where large ∆P are observed, so 

that the thermodynamics depends a lot on these clearances. The difference 
observed for the HP rotor/stator labyrinths also comes from the fact that we work 

on one operating point corresponding to a take-off. In this situation, the HTP rotor 
tends to displace vertically, what can alter temporarily the labyrinth clearances.  
 

The model is expected to be applied to different engine health states and 
breakdown conditions. In these cases, some coefficients are applied to the 
labyrinth clearances to simulate a damaged or a broken sealing. A parameter is 
defined in the input files of CCL to distinguish the different cases (new or fully 

deteriorated engine) and vary the clearances automatically when the computations 
are done.  

 
 
4.2.5 Discharge coefficient 

Due to geometrical conditions, the flow passing through a flow nozzle does not 
respect the classical Bernoulli equation and the mass flow rate will in practice be 

smaller than expected. The discharge coefficient is then defined as 
 

(4.3) 

 
 
Where qreal and qth respectively denote the real and the theoretical mass flow 

rates. 
Based on the experiment and knowing that the discharge coefficient of a rotating 
flow nozzle is lower than that of a static one, some default values are generally 

adopted for the model and slightly adjusted to meet the requirements in terms of 
pressure loss and mass flow rate. 
 

 
4.2.6 Rotating flow and vortices 

A jet engine and especially a triple spool engine include a lot of rotating parts and 
as a consequence many rotating cavities. When the flow passes through these 
cavities, it is partially dragged by the rotating elements and creates vortices. 

Vortices have a double objective in the engine. They result in an increasing of the 
tangential velocity of the fluid compared to the normal velocity, what entails better 
heat exchanges between the flow and the solid, and what reduce the 

thermodynamic data seen from the rotor, the so-called relative total pressure and 
temperature. The rotor lifetime is then significantly increased. The efficiency of 
vortices is measured by the entrainment coefficient K 

 
(4.4) 

 

 
Where Vθ denote the tangential velocity, ωrotor the rotational velocity of the rotor 
and r the radius. 
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In the engine, two types of cavities can be distinguished: 

 
1. Rotor/stator cavities: located on both sides of the HPT and the IPT disks, 

and, to a lesser extent, beside the top of the LPT disks 

2. Rotor/rotor cavities: located below the IPC, HPC and LPT disks 
 

The flow behavior in these cavities depends essentially on the geometry of the 

cooling system (injector size and angle) and the mass flow rate used to ventilate 
the disks. 
 

In the case of a high mass flow rate, the vortex is generated by the moment 
conservation of the fluid. The fluid predominates. On the contrary, for low mass 
flow rates, the fluid is dragged by the rotating parts, responsible for the vortex 

generation. The solid predominates. 
 
In these cases, the thermodynamic data of the fluid obey different laws and 

therefore different types of vortices can be defined in the model 
 

 Forced vortex, for high mass flow rates 

 Free vortex, for low mass flow rates 
 Affine vortex for moderate mass flow rates 

 

The difference resides in the mechanisms responsible for the evolution of the 
thermodynamic data as before said. 
 

In the code, several decisive parameters must be defined: the radius of the 
beginning and the end of the vortex, the rotational speed of the rotor and the 
entrainment coefficient defined previously. In practice, the latter is hard to define 

since the tangential velocity of the air is unknown. Some empirical values, close to 
0.5, are generally adopted first and adjusted after having obtained the first results.  
 

 
4.2.7 Oil system 

As seen in section 2, the oil system is totally part of the SAS model since the 

pressure inside the bearing chambers and the mass flow rates passing through 
the labyrinths depend on its architecture.  The SAS model needs to be closed, or 
in other terms the bearing chambers have to be linked to the outside of the engine.  

 
There are basically two possible configurations, and therefore two possible 
models, concerning the bearing chambers: 

 
1. Vented bearing chambers 
2. Non-vented bearing chambers 

 
In the case of a vented chamber, the air is pumped by a so-called vent and driven 
to the breather, while its pressure drops because of the presence of restrictors and 

diaphragms, before being expelled at the ambient pressure. In this configuration, 
the oil system downstream the chamber is represented like the rest of the SAS: a 
succession of pipes (pressure drops), restrictors (flow nozzles) and diaphragms 



MSc Thesis Fabien Caty   

 29 

(sharp-edge orifices) toward the breather that is modeled by a permeability curve 
taken from existing engines and rescaled according to the observed mass flow 

rates. 
 
In the case of non-vented chambers, both the air and the oil are evacuated by the 

scavenge pump and eventually driven toward the breather. In the model, the 
difference between this case and the previous one is the chamber exit. In this 
case, the pump is modeled by an imposed mass flow rate, instead of giving a 

section. The value of this mass flow rate is evaluated knowing the minimum 
pressure difference ΔP allowed through the labyrinths. 
 

 
4.2.8 Breather 

The breather is the device that separates the air from the oil downstream the 
bearing chambers. It has a double function: evacuate the air used to pressurize 
the chamber and limit the oil consumption by re-introducing it in its tank after the 

treatment. Several types of breather can be distinguished as well as two possible 
locations in the engine: close to the shaft or on the accessory gearbox (AGB). The 
second option is typically used when there is no space enough in the chambers, 

what is generally the case regarding the triple spool engines. 
 
It is quite complex to model it reliably. Generally, the permeability curve of the 

breather is extracted from various tests. This is obviously not possible here, and 
the permeability curve of the breather of another well-chosen Snecma’s engine 
was rescaled according to the mass flow rate passing through the breather and 

used instead. 

 
Figure 4.4 Breather model 

 
 

4.2.9 Number of holes 

The number of holes distributed all around the engine can be confronted with other 
typical engines to verify if it is not exuberant. But the architecture of the engines 

can vary a lot in some parts and it is not always easy to find the equivalent of 
certain holes in other engines. Another mean to control the number of holes is to 
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estimate the ratio hole/matter around the engine by considering the equivalent 
torus. If this ratio is above fifty percent, it is worth re-considering the model. 

 
 
4.2.10 Heating effects 

As explained in section 3, the heat exchanges between the flow and the solids or 
the heating effects due to the fluid viscosity are not taken into account by the code 
FLUID. They have to be defined manually to get a coherent thermal pattern of the 

engine. 
 

 
4.2.11 Breakdown conditions 

Breakdown conditions are of various types and are represented differently: as 
some of them are represented by the modification of some sections or clearances, 
others need the modification of a part of the SAS model. 

 
The solution is to include them in the model from the beginning and to add an 
artificial “binary” restriction, to activate or deactivate easily the breakdown 

condition. For example, a sharp edge orifice with infinitely small or large section 
can be used as a switch. 
 

When the breakdown is activated, the principal mass flow rates of the SAS model 
must be regarded and compared to the minimum ones that keep ensuring the 
critical functions of the secondary air system.  

 
 

4.3 The solver: FLUID 
 
 
The solver FLUID, made by Snecma, is the core of the computation chain. When 
the mesh has been drawn with PATRAN and all the dimensions and boundary 

conditions have been defined thanks to the previous hypothesis, the file is ready 

for the first computations. 
 
This solver is able to compute the pressures and temperatures of the different 

internal cavities and the mass flow rates passing through each restriction. This can 
be done for a static operating point or a transient regime. The solver is mainly 
based on the basic conservation laws in fluid dynamics: 

 
 Mass conservation 
 

 
 

(4.5) 
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 Energy conservation (enthalpy) 

 
 
 
 

 
 
 

 
(4.6)  

 

 
 
where Tl denotes the temperature of the cavity l and Cp the specific heat 

coefficient at constant pressure. 
 
This conservation laws are tested on each cavity and restriction and repeated until 

the uncertainty on the results is low enough, below the one requested by the user, 
as shown on the diagram below.  
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Figure 4.5 FLUID computations 
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5 RESULTS 

 

5.1 Complete model overview 
 

 
Thanks to the hypothesis explained previously, a complete model of the SAS of a 
triple spool engine has been built. To give an idea of its size, it is composed of 239 

cavities and 288 restrictions, which represents 242 equations to solve. 
 
The computations were run for a dozen of different operating points. From a 

simplified point of view, the following cases were considered: 
 

 Take-off, new and fully deteriorated engine 

 Top of climb 35 kft, new and fully deteriorated engine 
 Cruise 35 kft, new and fully deteriorated engine 
 Bucket 35 kft, new and fully deteriorated engine 

 Rating max, new and fully deteriorated engine 
 

The rating max point is the point that maximizes the temperatures inside the 

engine. Therefore it has a particular interest when studying the maximum thermal 
stresses that the engine must withstand. 
 
The screenshot below illustrates a part of the SAS model in PATRAN: 
 

 
Figure 5.1 Part of the SAS model in PATRAN (cross section removed in background) 
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5.2 Presentation of the results 
 
 

As explained in the previous sections, we had the choice between two solutions to 
plot the results. It has been decided to build an Excel file with all the information 
instead of importing the results in PATRAN, and plot them on the mesh previously 

created. This solution is more clear since we can display what we want, and make 
it easier to communicate the result as it is not necessary to possess the original 
model and files. 

 
In this file, the SAS system has been drawn manually over the cross section of a 
typical triple spool jet engine. A first tab represents the whole engine with a 

simplified model of the SAS to see all the air sampling points and where the air is 
driven. Multiple other tabs zoom in on the different parts of the engine and expose 
an exhaustive SAS pattern. 

 
The pressure and temperature of each cavity and the mass flow rate of each 
restriction are exported from CCL after computation in a text file. A predefined 

macro import the results in excel, one tab for each operating point. Other crucial 
parameters are then deduced from these results, such as the temperature and 
pressure differences ΔP and ΔT for each restriction, or the pressure ratio 

Pup/Pdown.  
 
The results of two different operating points can be simultaneously displayed on 

the mesh. Drop-down lists allow to select these operating points, among those 
exposed in subsection 5.1, and the information to be displayed beside the cavities 
(name, pressure, temperature) and the restrictions (name, mass flow rate in kg/s, 

mass flow rate in %W25, ΔP, ΔT, Pup/Pdown). 
 
Other crucial parameters such as the labyrinth clearances and the principle 

sections are displayed to detect an eventual anomaly and its cause. Another 
macro also helps to detect the mass flow rates when it changes sign from one 
operating point to another. 

 
An overview of the Excel file is given in the next page. 
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Choice of the operating points to display 

Figure 5.2 Presentation of the results in Excel (cross section removed in background) 

Info about the  
thermodynamic cycles 

Info about the cavities 
- Name 
- Pressure 
- Temperature 

Info about the restrictions 
- Name 
- Mass flow rate (kg/s or %W25) 
- Pressure difference ∆P  
- Temperature difference ∆T 
- Pressure ratio Pup/Pdown 

SAS model 

Choice of the module to 
display 
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5.3 Model characteristics 
 

 
Some values are representative of the model and are sufficient to describe it 
precisely enough without having to communicate the complete thermodynamic 

pattern of the engine. 
 
These values represent the different air samplings and are given under the form 

GxWy where x is the location of the air sampling source in the jet, in accordance 
with the nomenclature given in appendix B, and y where it is reinserted in the jet. 
G24W49 represents for instance the air taken from the IPC outlet and reinserted in 

the LPT inlet, after having ensured the HPC bore cooling. All the GxWy together 
draw a map of the SAS that is sufficient for example for the performance unit to 
work on the thermodynamic cycle and refine it. 
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6 DISCUSSION 

 

6.1 First results and convergence issues 
 

 
The first complete model and the first computations revealed some convergence 
problems. Two types of convergence issues can be distinguished: 

 
1. Divergence in pressure 
2. Divergence in temperature 

 
The first one concerns the verification of the mass balance computed as explained 
in section 4.3. This corresponds to the inner loop of Figure 4.3. It occurs when the 

mass balance is not verified after 500 iterations. 
 
The second one corresponds to the second loop in Figure 4.3, which is the 

verification of the energy balance that must be verified after 50 iterations 
maximum. 
 

The convergence criteria can be tuned in the solver to solve these problems but 
the user must keep in mind that too large criteria can lead to unreliable results. 
The best to do is then to re-examine the model and search for the cause of 

divergence. 
 
The divergence in pressure is often due to a problem in the choice of the types of 

restrictions. The experience shows that it appears when the model includes large 
sections. The pressure difference between the upstream and the downstream 
cavities can become too small to be computed by the solver. In this case the 

solution is to replace these restrictions by a simple condition Pup = Pdown. That 
affects slightly the precision of the model but not significantly. 
 

The divergence in temperature is more difficult to solve, all the more that it can be 
linked to a pressure divergence implicitly.  
 

The first model showed problems of divergence in pressure that was solved by the 
modification of the type of some restrictions as explained above.  
 

 

6.2 Communication with the performance unit and iteration 
  
 
The different mass flow rates obtained from the model are communicated to the 

performance unit, to be taken into account in the new thermodynamic cycles. 
 
 

6.3 Other operating points 
 

 
Given that the SAS model has been built based on only one operating point, some 
“anomalies” could have been observed when dealing with other flight conditions or 
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engine health conditions. Some problem of divergence can typically be noticed: a 
slight modification of the input variables can lead to important variations in the 

inner thermodynamic pattern of the engine, which has no physical meaning and 
reveals a problem in the model itself. 
 

Such problems were not observed in that case.   
 
However it has been noticed that some mass flow rates can invert when switching 

from one operating point to another. This often occurs in the “buffer area” that 
surrounds the bearing chambers, and has no repercussion on the pressurization of 
the latter as illustrated hereafter, as long as the pressure difference through the 

labyrinths that seal the chamber remains above the minimum one allowed. 
 

 
 

Figure 6.1 Inverted mass flow rates 
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7 CONCLUSIONS 

 

After having investigated the global architecture of the secondary air system of a 
typical triple-spool jet engine, and its main functions, a complete FEM model has 
been realized. The network has been meshed in several cavities and restrictions 

and the first computations based on the conservation laws of fluid dynamics have 
been made. These revealed first some divergence issues that were rapidly solved 
by slight adjustments in the model. The results given by the model were then 

discussed with specialists, to refine it and eliminate coarse anomalies and 
misunderstanding in the SAS architecture, before being communicated to the 
performance unit in order to generate new thermodynamic cycles.  

 
The final model can be seen as a reference for further studies of triple-spool jet 
engines at Snecma. 

 
 

Future Work 
 
The first thing to do in the near future is to identify the possible case of breakdown 

and test the engine behavior in breakdown conditions. 
 
Once the SAS model is judged complete and reliable enough, it could be 

interesting to build a thermal model of the engine, to evaluate the exact impact of 
the cooling system on the inside thermal pattern of the engine. FLUID models are 

indeed designed to study the architecture of the secondary air system but do not 

treat the thermal aspect accurately.  
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8 APPENDIX  

 

APPENDIX A: Information about the company 
 

 
SAFRAN 

SAFRAN, born in May 2005 with the union of Snecma and Sagem, is an 
international high technology group implemented in more than 50 countries 
worldwide with about 54,000 employees. Its activities are divided into three core 

businesses, Aerospace, Defense and Security, and a dozen of companies. The 
revenues of SAFRAN reached 10.8 billion euros in 2010. 
 

 
Snecma 

Part of the SAFRAN group, Snecma (Société Nationale d’Etude et de 
Constructions de Moteurs d’Avions) designs, develops, produces and markets, 
alone or in partnership, engines for civil and military airplanes, launch vehicles and 

satellites. Snecma offers as well a complete range of engine repair and 
maintenance services for both civil and military aircraft engines.  
 

Snecma employs currently more than 12,400 worldwide and its revenues reach 
4.2 billion euros. Its activities are split up into four different sectors: Commercial 
Engines, Military Engines, Space Engines and Services.  

 
The joint venture CFM International, between Snecma and General Electric 
Transportation, especially develops, produces and markets the CFM56 engine that 

powers a large number of different Airbus and Boeing jetliners. The CFM56, 
covering the thrust range from 18,500 to 34,000 pounds, is the best-selling engine 
in the history of commercial aviation with more than 22,200 engines in service. Its 

successor, the LEAPX is currently under development. 
 
 

 
 

Figure 8.1 CFM56-5B 
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Division presentation – Villaroche plant 

Snecma’s Villaroche plant is situated 50 kilometers southeast of Paris and is the 
leading industrial employer in the department since its creation in 1947. It spreads 
over 86 hectares and houses now the Commercial Engine division (assembly and 

testing), the Military Engine division (assembly and testing), the Engineering 
department (research, design, development, and certification of engines) and the 
Sales & Marketing department. 

 
Snecma Villaroche employs more than 2,500 engineers, technicians and 
managers in many different disciplines. It is equipped with 12 test rigs and about 

40 partial test facilities. It also houses other Safran group companies such as 
Hispano-Suiza, Safran Power and Safran Engineering Services. 
 

 

 
 

Figure 8.2 Snecma Villaroche plant 

 

 
SAS and Thermomechanics unit 

The SAS and Thermomechanics unit, where I work, carries out studies in very 

different domains, dealing with the air/oil systems, heat exchangers or axial loads. 
It is part of the Fluid Systems and Thermomechanics department and the 

Integration division, responsible for the study of engines behavior from a general 
point of view before further studies in the conception phase. 
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Appendix B: Nomenclature of triple spool engines 
 
 
 

 
Figure 8.3 Triple spool engine’s nomenclature 

 
 

 
  2: Fan inlet   41: HPT inlet 
21: Fan exit    42: HPT exit 

24: IPC exit    44: IPT inlet 
25: HPC inlet   46: IPT exit 
  3: HPC exit   49: LPT inlet 

31: CC inlet        5: LPT exit 
  4: CC exit 
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