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Abstract
The thesis project was carried out at SAFRAN AIRCRAFT ENGINES in France with goal to check the
feasibility of implementing 1D validated aerodynamic models into the engine performance models. It is a
part of a wider project of improving the representation of transient and steady effects that are missing in
0D representations. The main difficulty is to implement this 1D model in the PROOSIS performance
software. The focus of the project was to implement the subsonic to choke range of operating conditions
consistently within the PROOSIS solver. Therefore, using only simplified aerodynamics, a first instance of
the model was programmed. A second instance of the model was able to take into account the choking
phenomena. The solution found works in the PROOSIS tool which is a non-causal programming software
and manage to unite the subsonic to choke operating range in a single physical system. The model once
enriched with the right correlations will be able to be used in a performance model, replacing the compressor
maps.

Sammanfattning
Projektet, som genomfördes på SAFRAN AIRCRAFT ENGINES i Frankrike, hade som mål att kontrollera
möjligheten att implementera 1D-validerade aerodynamiska modeller i motorns prestandamodeller.
Projektet i sig var en del i ett större projekt för att förbättra representationen av instationära och stabilitets
effekter som saknas om man använder 0D-representationer. Den största svårigheten är att implementera
denna 1D-modell i PROOSIS-programvaran som företaget använder sig av. Projektets mål var att
möjliggöra implementering av driftområde som sträcker sig från subsonisk till ”choke” . I första hand
programmerades modellen med hjälp av enbart förenklad aerodynamik. Därefter updaterades modellen för
att kunna ta hänsyn till ”choke” fenomenen. Den funna lösningen fungerar bra i PROOSIS, vilket är en
icke-konventionell programmeringsverktyg som klarar av att förena dessa olika driftområde i ett enda fysiskt
system. Modellen uppdaterad med rätt korrelationer kommer att kunna användas i en prestandamodell som
ersätter kompressormappar.
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1 Industrial context
SAFRAN
a. Global presentation
SAFRAN is a leading international high-technology group, leader in aeronautics, space and defense. It is a
first rank group, alone or through partnership, in all of those markets, either worldwide or in Europe. Figure
1-1 presents the group companies and a brief explanation of their activities. The group was created in 2005,
with the SNECMA-SAGEM merger. The group recently acquired Zodiac aerospace, the global leader in
equipment and systems on board commercial aircrafts and helicopters. By 31th, December 2017, SAFRAN
was already employing 58 000 collaborators in 30 different countries without Zodiac.(Figure 1-2)

Figure 1-1 Safran Activities by sector and company

By the end of 2017, still without Zodiac Aerospace contribution, Safran group had a turnover over 16.5
billion euros, 8% of which is reinvested in research.

Figure 1-2 Global prescence of Safran Group
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SAFRAN AIRCRAFT ENGINES
Safran Aircraft Engines (SAE) is a Safran Group company which conceives, products and markets, alone
or in cooperation, engines for civil and military aircrafts.
Safran Aircraft Engines also has a line of services for airline companies for their engines. In 2017, SAE
earned over 8.8 billion euros, and employed 16 000 people, on 35 sites across the world.
The main R&D site of SAE is located in Villaroche, in the suburbs of Paris, where this project was carried.
This site, inaugurated in 1948, was first meant to host the rig test installations. It now regroups all activities
concerning research, development, engines assembly, as well as rig testing.
a. Civil engine division
As equal partners, SAE and GE produce the bestselling engine in the world, the CFM56. SAE is also a
partner with GE in high propulsion capacity CF6, GE90 and GP7200.
The new generation of turbopropulsion, the LEAP engine (Leading Edge Aviation Propulsion) was also
conceived as part of this partnership. This engine will replace the CFM56, and will equip the new families
of planes, such as Airbus A320neo (2016), Boeing 737Max (2017) or Comac C919 (2018). This new
turboreactors offers up to 15% reduced consumption and CO2 emission, and has already received over
14 000 commands.
Finally, the private aircraft industry has been increasing over the past years, carried by an increase in demand,
and new aircraft development. In order to tackle that new and growing market, SAE has been developing a
new generation engine, the Silvercrest, which is destined to equip future private aircrafts, with large cabin
and extended autonomy, the “Citation hemisphere” from Cessna.(Figure 1-3)

Figure 1-3 Civil engines line
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b. Other activities
Safran Aircraft Engines also conceives, manufactures markets and provides maintenance services for
combat and training aircraft engines or turbopropeller for transport aircrafts.
Safran Aircraft Engine develops and produces a complete line of plasma engines for satellites. Their
objective is to maintain satellite attitude, operate an orbit transfer or even operate exploration and navigation
missions.

Performance and operability department
This project was led at Villaroche, within the integration of propulsion system division, in the Performance
and Operability department. Its role is to evaluate the performance and operability qualities of operating
and developing engines, via the theoretical and practical study of the engines. It is composed of 5
subdivision, two of which are dedicated to the Silvercrest development, one is for the Leap engine, one for
operating engines, and finally one for the development of models and tools used for performance
calculations (Figure 1-4).

Performance / Operability

LEAP

Silvercrest
Performances

Silvercrest
Operability

Operating engines

Methods and Tools

Figure 1-4 Organization of the department

These models are used all along the development, for preparation and monitoring of rig trials, and are
constantly tuned to better match the reality of the rig tests.
In this scope, this project was intended as a first approach for the improvement of the models used in the
department, with a more flexible aerothermal approach.
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2 Introduction
Engine model performance is a key aspect in the study and maintenance of aircraft engines. It is very
important to be certain that a given engine will achieve its requirements, as much for safety reasons than for
quality control and economics. Thus, requirements for models in performance analysis are that they must
be fast and reliable.
The existing models today, using pre-established compressor maps are accurate and fast, but they lack in
flexibility, especially when it comes to introducing transient effects such as thermal transfers. There is a need
nowadays to understand the intricacy of the operating of turbomachines, as actual models start to show
their limits. The purpose of this study is to formulate the first steps upon which can be introduced transient
effects, under the form of direct physical calculation using fundamental laws, or correlations established
with rig test campaigns and sophisticated CFD models.
This is why this report focuses on the creation of a multistage axial compressor 1D model. This model will
be coded using a continuous programming language (this programming method will be explained later on
in the report), EL, and is aimed to be implemented into a global performance engine model. Profile effects
on fluid will be either implemented as correlations or approximations.
This report will first introduce the relevant theory about turbomachinery and its definitions and
conventions, then present the construction of the model, to finally check the validity of the work done, by
generating compressor maps and studying various effects on them.

3 Compressor modeling
Scope of the study
A performance model is created to define the significant aspects of a system, focusing on the accuracy and
checking if the system will fulfill its design requirements. In the aeronautic propulsion field, those
requirements can be thrust, pressure ratios, and fuel consumption. For this study, the compressor
performance will be measured through the isentropic efficiency and pressure ratio between the inlet and
outlet, as well as the stability margins.
In the common practice, performance models are derived from 0D mapping of a compressor: when given
an operating point, the model fetches the relevant data in the maps, and can calculated from it all the
different parameters required by the user. This type of model are very efficient and fast to execute, but they
present several disadvantages. In order to generate a map, it is required to acquire data from rig testing, or
to calculate it from CFD simulations. Moreover, it hides away all of the physics, making it difficult to
estimate the part of the different physical effects in performance reduction or enhancement, and the
consequences of the introduction of new physical effects in the model.
For this reason, this study focuses on creating a 1D model. 1D models focuses on the flux on a line that
passes through the compressor, the mean line, and simplify the models by means of using correlations. This
modelling has fairly accurate results when it comes to turbomachines blades with high hub to tip radius
ratio, and offers a compromise between taking into account the physical effects and computing time.
This study is focused on the integration of a 1D model in an engine performance model to check the
mathematical stability, and not the accurate aerodynamic fidelity.

-8-

Blade definitions
In a turbomachine, blades are responsible for deviating the fluid, in particular rotating blades transfer energy
between the fluid and the shaft. They are designed similar to aircraft wings. But, due to the relatively small
dimensions of the machines, the presence of walls, and the close proximity of the blades, unlike an aircraft
wing, the flows varies very strongly alongside the span of the blade. As a result, despite geometrical
similitudes, importing correlations or relations from aeronautics doesn’t work, and turbomachines have their
very own set of definitions and correlations.

A blade is defined by a mean camber line, upon which a profile distribution is imposed.
The total length, from leading edge to trailing edge is called the chord, noted c. The angles between the
camber line and the chord line are designated as χ1 and χ2. The blade camber angle, θ is defined as:
𝜃 = 𝜒1 + 𝜒2

c
χ2

χ1

Profile
θ

Camber
line

Figure 3-1 Geometric parameter of a blade
element

Figure 3-2 - Blade row representation
(Cumpsty, 1989)

A grid of blade is a stacking of N identical blades, separated by a distance s called the step. Blades can be
tilted at an angle γ called the stagger angle.
The angle between the camber line at the inlet and outlet and the vertical line is called blade angle. They are
noted 𝜅1 and 𝜅2 and are related to the stagger and blade angle by:
𝜅1 = 𝜒1 + 𝛾
𝜅2 = 𝛾 − 𝜒2
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The throat opening b corresponds to the minimum distance between adjacent blades. The distance between
each blade on the grid is the step s.
W1
κ1

β1

b

γ
c

s
β2

κ2

W2

Figure 3-3 Geometric parameters of a cascade of blades

When considering a passing fluid through a row of blades, the flow arrives at the inlet with a speed W 1 and
makes an angle β1 with the transversal direction. The incidence i can be defined as the difference between
the inlet flow angle and the blade angle:
𝑖 = 𝛽1 − 𝜅1
When the flow exits the grid, it is constrained by the shape of the blades, thus the outlet angle can be
considered constant. However, it is not equal to the outlet blade angle. The deviation δ, which is to the
trailing edge what the incidence is to the leading edge, is defined with:
𝛿 = 𝛽2 − 𝜅2
The deviation has no analytical solution, and depends on the blade shape. Carter correlation will be used as
calculation of the deviation.
𝛿 = 𝑚𝑐

𝜃
√𝜎

Where σ is the solidity, the ratio between the chord length and the step. The coefficient 𝑚𝑐 is usually a
function of the stagger angle. From these relations, we can see that δ depends only on the stagger angle and
blade geometry. The approximation 𝑚𝑐 = 0.3 is a good estimate of this parameter, according to Cumpsty
(Cumpsty, 1989).

-10-

Compressor flow design
In compressor design and turbomachinery in general, it is common to use non-dimensional parameter to
dimension and evaluate performances. The dimensionless analysis allows application of the relations for a
specific stage to any inlet thermodynamic condition, rotational speed or geometry.
The flow capacity coefficient 𝜑, is equal to the ratio of the axial flow velocity over the local blade speed U:
𝜑=

𝑉𝑥 𝑉 ∙ cos(𝛼1 )
=
𝑈
𝑈

This coefficient is defined at the inlet, so the blade speed is taken to be the speed at the inlet mean line
radius. The flow coefficient plays a very important role in the model because it is the coefficient that will
serve as controller. Varying the flow coefficient as an input parameter enables to access all the ranges of
inlet flow speed and angles up to choke.

Profile losses in the blade row
The laminar and turbulent flow that passes through the compressor generates losses in the form of pressure
loss. These losses results from complex mechanism, and are too difficult to be analytically expressed for the
level of precision the model requires.
The estimation of losses is a problem that has been around for a long time, and the literature offers many
different correlations, based on rig tests. The loss correlation used in this study is a simplification of those
correlations. But the model is flexible enough for more accurate correlations to be implemented in later
stages of development.
Rotor and stator use two slightly different definitions of the loss coefficient.
For a stator, the loss coefficient, 𝜔, is defined as being the ratio of total pressure change over dynamic
pressure:
𝜔=

𝑃𝑡1 − 𝑃𝑡2
𝑃𝑡1 − 𝑃𝑠1

So that it gives:
𝑃𝑡2
𝑃𝑠1
= 1 − 𝜔 (1 −
)
𝑃𝑡1
𝑃𝑡1
In the case of a rotor grid, however, this equation must be corrected, as the 𝑃𝑡𝑟2 is a relative pressure and
changes in radius needs to be taken into account, as shown in Lieblein (Lieblein, 1965), the loss coefficient
becomes:
𝑃
𝑃
(𝑃𝑡𝑟2 ) − 𝑃𝑡𝑟2
(𝑃𝑡𝑟2 )𝑖𝑠 − 𝑃𝑡𝑟2
𝑡𝑟1 𝑖𝑠
𝑡𝑟1
𝜔=
=
𝑃
𝑃𝑡𝑟1 − 𝑃𝑠1
1 − 𝑃 𝑠1
𝑡𝑟1
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and as the ideal transformation is isentropic with constant 𝛾:

𝑃𝑡𝑟2
𝑇𝑡𝑟2
(
) = (
)
𝑃𝑡𝑟1 𝑖𝑠
𝑇𝑡𝑟1

𝛾
⁄𝛾−1

so that

𝑃𝑡𝑟2
𝑇𝑡𝑟2
=(
)
𝑃𝑡𝑟1
𝑇𝑡𝑟1

𝛾
⁄𝛾−1

− 𝜔 (1 −

𝑃𝑠1
)
𝑃𝑡𝑟1

When it comes to correlation, the loss coefficient 𝜔 for profile losses is usually expressed as a function of
the incidence angle 𝑖. We defined a minimum loss incidence angle, 𝑖𝑀𝐿 and a minimum loss coefficient 𝜔𝑀𝐿 ,
which are respectively the incidence angle where the losses are minimum, and the value of those losses at
minimum incidence. The total loss coefficient 𝜔 can be then expressed as:
𝜔 = 𝜔𝑀𝐿 + 𝑎 ∙ (𝑖𝑀𝐿 − 𝑖)2
where the parameter 𝑎 is a function of the inlet relative Mach, flow angle and blade geometry.

Efficiency
To take into account the effects of the losses, the isentropic efficiency is a good indicator to measure how
much the different physical effects impact on the compressor performance.
The isentropic efficiency is defined as the ratio of the isentropic enthalpy change, and the actual enthalpy
change. Considering a perfect gas, and with the hypothesis that Cp and 𝛾 are constants, the enthalpy change
between a state 1 and 2 can be written (Les rendements isentropiques et polytropiques des compresseurs et
turbines à gaz parfaits, 1947):
∆𝐻 = 𝐶𝑝 (𝑇t2 − 𝑇t1 )
so that
𝜂𝑖𝑠 =

∆𝐻𝑖𝑠 (𝑇t2 )𝑖𝑠 − 𝑇t1
=
∆𝐻
𝑇t2 − 𝑇t1

where (𝑇2 )𝑖𝑠 is calculated with isentropic relations:
𝑃

(𝑇t2 )𝑖𝑠 = 𝑇t1 ∙ ( t2 )
𝑃

𝛾
⁄𝛾−1

t1
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PROOSIS
Proosis is a software developed by Empresarios Agrupados Internacional (EAI), as a modelling
environment for gas turbines. Proosis has the particularity to be a continuous developing environment. This
paragraph will give insights on how PROOSIS works, as it was the main software used during the study,
and the continuous language is the main reason for many choices in designing the model.
Proosis is an object orientated programming environment, a programming paradigm based on the concept
of object that are designed to work on their own and interact with other objects. The programming
language is called EL. This paragraph is a quick presentation of the programming technique given by the
software.
a. Components
The main object in EL language is a component. A component can be describe as a box, in which
equations and relations are put, and receives or transmit information via ports. Components can be
interconnected and by such, create a more complex system. A component contains different sections.
The first one is the ports sections. Ports are connection variables that can receive or transmit variables.
Ports and their content are defined by the user. For example, in this project, one of the main port used is a
Fluid port that transmits pressure, temperature, flow angle, Mach number and flow speed. The second
section is the declaration section, where all the different variables are declared. Finally, the main part of
the component is the continuous block, where the equation of the model goes. The non-causal
programming allows the user to put the equations in any order, though it is recommended to write them
in the execution order, and the equations are considered formal. There are other types of blocks available,
but they were not used in this project.
While being the fundamental object of programming, a component can also be also defined as an
association of components linked together via their ports.
Once a component is created, the execution of the model can start with the compiling of an object called
the partition.
b. Partition
The partition is the mathematical model created from the equation of the component. By using formal
calculations and analysis algorithms, PROOSIS can sort the variables into three different groups:
Boundary, Algebraic or Explicit. The Boundary variables are set by the user at the beginning of the
simulation. In this project for example, boundary conditions are the operating point, and inlet temperature
and pressure. The Algebraic variables are iterated upon. With an initial value, the software is capable of
choosing a close set of equations to iterate upon, with a Newton-Raphson technique, using one of the
equations as an error measurement. The explicit variables are variables that can be calculated directly from
the equations of the model, given the boundary variables and the calculated values of the algebraics.
When creating a partition from a component, the user can choose the boundary conditions and algebraic
variables that are needed, if the program can find a resolution with those variables. Once created it
contains the sequential mathematical model, which corresponds to the actual calculation that are done by
the computer.
One of the advantage of PROOSIS is its flexibility. Since the programming is non-causal, different
variables can be chosen for different roles, and several partitions and interpretation of the same physical
object can be done.
To interact with the partition, another interaction object is needed: the experiment sheet.
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c. Experiment
The experiment sheet is the place where the user can input all of the boundary and initialization values of
its model. The solver parameters can be changed also in the experiment (such as the number of max
iterations, the precision of the convergence…). A partition can hold several experiments to study the
different outcomes of the system with different initial or boundary values. All of the results can be viewed
in a monitor.
With those tools, PROOSIS is a quite convenient and powerful for modeling performance models. The
design of the 1D model appears here clearly: each grid will be coded as a component (rotor, stator, nonbladed regions) and the final model will be an interconnection of those coefficients.
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4 Subsonic compressor model
The aim of this study is the creation of a 1D model in continuous programming that can take into account
choking phenomenon. It is a ground work for a larger scale thermal model that can take into account
transient processes. This first version of the model aims to recreate compressor maps from blade geometry,
using a 1D representation of the compressor.

Hypothesis
For this 1D model, the mean line was chosen as the quadratic average of tip and hub radius. So for a given
blade (equal upper and lower sections):
𝑟𝑚𝑒𝑎𝑛𝑙𝑖𝑛𝑒 = √

𝑟𝑡𝑖𝑝 2 + 𝑟ℎ𝑢𝑏 2
2

The inlet flow and outlet flow are both supposed to be subsonic, and for this first version, choking
phenomenon are not taken into account.
The input parameters (boundary conditions) are the following:
XN

Rotational speed of the rotor grids (rpm)

Pt1

Total pressure at the inlet (Pa)

Tt1

Total temperature at the inlet (K)

Ang

Flow swirl angle at the inlet (rad)

PHI Flow capacity coefficient

Table 4-1 Boundary condition for the compressor subsonic model

The heat capacity ratio, γ is considered as being constant. So the following isentropic relations links the
static pressure and temperature to their total values as a function of the Mach number only.
𝑃𝑠
𝛾−1 2
= (1 −
𝑀 )
𝑃𝑡
2

−𝛾
⁄𝛾−1

𝑇𝑠
𝛾 − 1 2 −1
= (1 −
𝑀 )
𝑇𝑡
2
The model will be constructed grid by grid, using the continuity of the mass flow as the main equation to
calculate relations between the inlet and outlet of a grid.
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The Stator
a. At the inlet
From the flow capacity coefficient φ, the flow swirl angle and the rotational speed of the rotor, the inlet
speed can be calculated from:
𝑃𝐻𝐼 =

𝑉 ∙ cos(𝐴𝑛𝑔)
𝑈

2𝜋

Where 𝑈 = 𝑟𝑚𝑒𝑎𝑛𝑙𝑖𝑛𝑒 ∙ 60 ∙ 𝑋𝑁 is the blade speed at the mean line.
The inlet Mach number, used for most isentropic relations, is calculated using these two equations:
𝑇𝑠
𝛾 − 1 2 −1
= (1 −
𝑀 )
𝑇𝑡
2
𝑀1 =

𝑉1
⁄
√𝛾 ∙ 𝑅𝑔 ∙ 𝑇𝑠1

b. Relation between the inlet and the outlet

The non-dimensional mass flow function (MFF), calculated by (Cahill, 1997) (Smith, 1999):

𝑊 ∙ √𝑇𝑡
𝛾
𝛾−1
𝑀𝐹𝐹 =
= 𝑀 √ (1 +
∙ 𝑀2 )
𝐴𝑒 ∙ 𝑃𝑡 ∙ cos(𝐴𝑛𝑔)
𝑅𝑔
2

−(𝛾+1)
⁄2(𝛾−1)

is used to link the inlet flow and the outlet flow. Indeed, by application of the continuity equation, the
following relation:
𝑀𝐹𝐹2 = 𝑀𝐹𝐹1 ∗ √

𝑇𝑡2 𝑃𝑡1 cos(𝐴𝑛𝑔1 ) 𝐴𝑒1
∗
∗
∗
𝑇𝑡1 𝑃𝑡2 cos(𝐴𝑛𝑔2 ) 𝐴𝑒2

gives the outlet mass flow function.
𝑇

The three ratios: √𝑇𝑡2 ,
𝑡1

−
−

𝑃𝑡1 cos(𝐴𝑛𝑔1 )
,
𝑃𝑡2 cos(𝐴𝑛𝑔2 )

needs to be determined.

First the temperature ratio is equal to 1, since the rotor does not rotate
The pressure ratio, as seen in 3-4 is equal to:
𝑃𝑡2
𝑃𝑠1
= 1 − 𝜔 (1 −
)
𝑃𝑡1
𝑃𝑡1

−

Using Carter’s formula for the deviation angle, the cosine’s ratio can be deducted:
𝛿 = 0.3
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𝜃
√𝜎

c. At the outlet

With the following relation between the Mach and the mass flow function (Smith, 1999) (Cahill, 1997):
𝛾
𝛾−1
𝑀𝐹𝐹 = 𝑀 √ (1 +
∙ 𝑀2 )
𝑅𝑔
2

−(𝛾+1)
⁄2(𝛾−1)

the exit Mach number can be iterated upon.
Once it is known, it is possible to easily deduct all of the quantities required, such as the total exit pressure,
the total exit temperature or the flow speed.

The rotor
a. At the inlet
In the case of a rotor, the rotational speed makes the calculation more complicated, that’s why the relative
frame is introduced. This change of frame calculates the speed and characteristics of the flow as seen from
the blade. The change of frame is done with the following equation:
⃗⃗⃗ + 𝑈
⃗ =𝑉
⃗
𝑊
Then total parameters changes depending on the reference frame, but the static parameters are the same.
It is important to notice that this change of frame conserves the axial velocity, i.e.:
𝑉 ∙ cos(𝐴𝑛𝑔) = 𝑊 ∙ cos(𝐴𝑛𝑔𝑟)

W

U

Angr
Ang
V
Figure 4-1 Velocity triangle at the inlet of a cascade

Once the rotor relative parameters are calculated, a similar approach is used.
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b. Relation between the inlet and the outlet
The non-dimensional relative mass flow function (MFFr), calculated by (Cahill, 1997) (Smith, 1999):

𝑊 ∙ √𝑇𝑡𝑟
𝛾
𝛾−1
𝑀𝐹𝐹 =
= 𝑀𝑟√ (1 +
∙ 𝑀𝑟 2 )
𝐴𝑒 ∙ 𝑃𝑡𝑟 ∙ cos(𝐴𝑛𝑔𝑟)
𝑅𝑔
2

−(𝛾+1)
⁄2(𝛾−1)

Like the stator, the continuity relation is applied:
𝑀𝐹𝐹2 = 𝑀𝐹𝐹1 ∗ √

𝑇

The three ratios: √𝑇𝑡𝑟2 ,
𝑡𝑟1

−

𝑃𝑡𝑟1 cos(𝐴𝑛𝑔𝑟1 )
,
𝑃𝑡𝑟2 cos(𝐴𝑛𝑔𝑟2 )

𝑇𝑡𝑟2 𝑃𝑡𝑟1 cos(𝐴𝑛𝑔𝑟1 ) 𝐴𝑒1
∗
∗
∗
𝑇𝑡𝑟1 𝑃𝑡𝑟2 cos(𝐴𝑛𝑔𝑟2 ) 𝐴𝑒2

are now determined in relative coordonates.

First, by application of Euler theorem (constant rothalpy, constant Cp):
𝑇𝑡𝑟2
𝑈1 2 − 𝑈2 2
=1+
𝑇𝑡𝑟1
2𝐶𝑝 𝑇𝑡𝑟1

where 𝐶𝑝 is the heat capacity at constant pressure of the fluid, and 𝑈1 , 𝑈2 are the speed of the blade at
mean line at respectively the inlet and the outlet.
−

As explained in 3-4, the pressure ratio respects the following equation:
𝑃𝑡𝑟2
𝑇𝑡𝑟2
=(
)
𝑃𝑡𝑟1
𝑇𝑡𝑟1

−

𝛾
⁄𝛾−1

− 𝜔 ∙ (1 −

𝑃𝑠1
)
𝑃𝑡𝑟1

Finally the cosine’s ratio is given, still in relative coordinates, thanks to Carter correlation.

c. At the outlet
With the following relation between the Mach and the mass flow function (Smith, 1999) (Cahill, 1997):
𝛾
𝛾−1
𝑀𝐹𝐹 = 𝑀𝑟√ (1 +
∙ 𝑀𝑟 2 )
𝑅𝑔
2

−(𝛾+1)
⁄2(𝛾−1)

the exit relative Mach number can be iterated upon.
Once all the relative parameters are determined, a simple change of frame, as done at the inlet, will give all
of the absolute parameters.
The change of frame to relative parameters is like sitting on the blade and observing the flow that passes
through it, which explains all the similitudes whit the stator.
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Non bladed volumes
Non bladed volumes correspond to the intervals between each grids. When passing through this intervals,
the flow might have slight changes that needs to be taken into account.
The first of those changes is the change of the section, that impacts the Mach number, and by extension
the static variables. A reduction of section would increase the Mach number, and an increase of section
would decrease it. By hypothesis, there can be no choking in this type of grid.
Another phenomena is the pressure loss. Due to boundary effects on the walls, similar to a bladed grid, a
loss coefficient 𝜔 is defined and pressure losses can be taken into account.
Finally, non-bladed areas usually contains bleed valves, to discharge the compressor, or feed the cabin with
air, or any other use for pressured air. These bleeds are usually small in comparison to the flux. The
coefficient 𝜔𝑏𝑙𝑒𝑒𝑑 is defined as the percentage of the mass flux that need to be bled.
So, with a similar method to the bladed region, the Mass flow function is calculated (Cahill, 1997):

𝑊 ∙ √𝑇𝑡
𝛾
𝛾−1
𝑀𝐹𝐹 =
= 𝑀√ (1 +
∙ 𝑀2 )
𝐴𝑒 ∙ 𝑃𝑡 ∙ cos(𝐴𝑛𝑔)
𝑅
2

𝑀𝐹𝐹2 = 𝑀𝐹𝐹1 ∗ √

−(𝛾+1)
⁄2(𝛾−1)

𝑇𝑡2 𝑃𝑡1 cos(𝐴𝑛𝑔1 ) 𝐴𝑒1
∗
∗
∗
∙ (1 − 𝜔𝑏𝑙𝑒𝑒𝑑 )
𝑇𝑡1 𝑃𝑡2 cos(𝐴𝑛𝑔2 ) 𝐴𝑒2

with:
−
−
−

𝑇𝑡2
𝑇𝑡1

= 1 as it is considered adiabatic (heat transfer could be taken into account here),

𝐴𝑛𝑔2 calculated to keep angular momentum if no blades
The presence of a bleed coefficient, that withdraw a part of the mass flow.

So that:
𝑀𝐹𝐹2 = 𝑀𝐹𝐹1 ∗

𝑃𝑡1 𝐴𝑒1
∗
∙ (1 − 𝜔𝑏𝑙𝑒𝑒𝑑 )
𝑃𝑡2 𝐴𝑒2

With a completely similar model to the previous one from the stator, removing blade related equations, the
new parameters can be transmit to the next stage.
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Choking

a. Exposition of the problem
As the inlet Mach number goes higher, due to the shrinkage of the passing area between the blades in the
grid, at one point the fluid will reach the local sonic velocity. This is the critical condition, and the
corresponding inlet Mach number is the critical Mach M c. This critical Mach depends on mainly geometrical
factors of the blade (camber, thickness distribution) and the angle of incidence. This event is more than
likely to have effects on the overall performance of the grid as it is responsible for the blocking of the mass
flux, and huge losses.
On Figure 4-2 adapted from a Schlieren photograph, the dark zones correspond to an inhomogeneity in the
light refraction index due to speed gradient. The incidence is set to be equal to 2°. For an inlet Mach of 0.8,
the dark patch at the inlet indicate patches of high velocity pocket forming, and on the second picture, for
an inlet Mach of 0.85, a shockwave is clearly visible all across the flow. Moreover, a separated region is
expanding after the trailing edge, most likely due to the shock effect on the boundary layer. All of those
shocks induces an increase in losses by almost a factor 2 according to Cumpsty (Cumpsty, 1989).

M1=0.80
Figure 4-2 Schlieren photograph of double
circular arc blades in cascade at two inlet Mach
α1=49.5°
number. Stagger 19.2°, Camber 56.8, solidity
2.2, thickness-chord ratio 0.07, blade inlet angle
47.6° (picture by Hoheisel) (Cumpsty, 1989)
M1=0.85

α1=49.5°

As it has been said, choking impedes on compressor performance as it blocks the mass flow. It is then
important to be able to predict it. A very simplified model, proposed by Cumpsty allows to apprehend the
phenomena: with isentropic relationships and by studying the ratio between the mass flow at the throat and
the mass flow at the inlet, the following formula can be deduced (Cumpsty, 1989):
𝛾+1
⁄2(𝛾−1)

𝛾−1
1+ 2
𝑏
= 𝑀1 ∙ (
)
𝛾−1
𝑠 ∙ cos(𝛼)
1 + 2 𝑀1 2
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Where the b parameter is the radius of a circle around the throat, where the sonic line appears, as depicted
on Figure 4-3 Definition of the parameters and localization of the shock wave in choking conditions.

Shock

𝑏

𝑀2 < 1

𝑠 ∙ cos(𝛼1 )
𝑀1 < 1
𝑠 ∙ cos(𝛼2 )
Figure 4-3 Definition of the parameters and localization of
the shock wave in choking conditions (Cumpsty, 1989)

On a modelling aspect, when the choking occurs, the inlet becomes constant and the grid adapt through
the losses to the outlet conditions. So there are two models, the one from part 1 that calculates outlet
parameters from inlet boundaries, and this choking model, that requires an extra parameter at the exit when
the choking conditions are met.
This model seems straight forward in iterative programming, but for a software like PROOSIS, the
continuous programming calls for specific solution to work around this problem. The following part will
present the solutions met for a stator grid first, and then for a rotor grid.
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b. Stator
The first step is to convey a change in the choosing of boundary. Since the choking model requires an exit
parameter to converge when in choke state, it was decided to set the axial Mach number at the exit as
boundary condition, not only in critical state, but for the whole simulation. To sum up, the model will be
fed with the following parameters:
XN

Rotational speed of the rotor grids (rpm)

Pt1

Total pressure at the inlet (Pa)

Tt1

Total temperature at the inlet (K)

Ang

Flow swirl angle at the inlet (rad)

Mx

Axial Mach number at the outlet

Table 4-2 Boundary conditions for the Stator model

This approach presents two advantages:
−
−

With a change of variables, the two physical models can be reunited into one.
This setting of boundaries represents with more fidelity the controlled parameter when a
compressor is on a test bench.

The program contain the following changes:
−

With Cumpsty’s formula (Cumpsty, 1989), the critical Mach, Mc, is calculated from inlet conditions.
From it is deduced PHIc, which is the ratio between the critical axial speed and the blade speed at
the mean line (even though the program is applied to a non-moving stator, the rotating speed used
to calculate the blade speed comes from the rotor.)

−

The real PHI is set to be equal to
𝑃𝐻𝐼 = min(PHIc, (1 − 𝑌) ∙ 𝑃𝐻𝐼𝑐)
where 𝑌 is a new parameter, which can take values from 1 to −∞

−

The loss parameter is calculated by:
𝜔 = 𝜔𝑀𝐿 + 𝑎(𝑖𝑀𝐿 − 𝑖 + max(−𝑌, 0))2

The aim here is that Y is the new iterative variable. When the simulation goes on, the program, given an exit
Mach number, will adapt the pressure losses to match it, and according to the value Y has to take to do so,
the stator will either be choking (Y<0) or unchoked (Y>0), and the entrance parameters, in both cases will
be calculated with PHI.
The introduction of the parameter Y is equivalent to artificially increasing the losses when choking arises,
as preconized in Aungier’s book. (Aungier, 2003)
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c. Rotor
Like the stator, a change in the boundary is first done, and the rotor model takes into account the same
boundaries than the stator:
XN
Pt1
Tt1
Ang
Mx

Rotational speed of the rotor grids
Absolute Total pressure at the inlet
Absolute Total temperature at the inlet
Absolute Flow swirl angle at the inlet
Absolute Axial Mach number at the outlet

Table 4-3 Boundary conditions for the rotor choking model

The only difference with the stator comes with the rotational frame. In fact, all the equations applied to the
stator in the absolute frame can be apply the same way to the rotor in the relative frame. But since the rotor
takes as boundaries absolute quantities, the process has to be adapted.
Due to the continuous programming, it is impossible to reassign values to variables. For example, if the
program calculates relative parameters, and then realizes that the rotor is in a blocked state, then all the
parameters calculated cannot be changed. Moreover, since there are no conditional programming in
continuous programming, where a chunk of code can replace another based on a condition , there cannot
be steps in the program, and the auto-adapting strategy from the stator cannot work here (it works for the
stator because there is no relative parameters calculations). But this can be worked around with a sequential
block, the equivalent of an integrated function that can be added to the component.
The sequential block will have for aim to calculate the new flow coefficient if needed. In fact, as showed on
Figure 4-4, if the initial coefficient Phi0 can correspond to a point above the choke line (forbidden domain).
The aim of the sequential block is then to iterate on the parameters to find Phi c (solution on the boundary
of the allowed domain). And the iteration is not as straight forward as one can think, since changing one of
the parameters affects the other with the velocity triangle.

Forbiden grid
working domain

Phi

Allowed grid
working domain

Figure 4-4 The theoretical choke line, from Cumpsty’s formula (Cumpsty, 1989)
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The sequential blocks acts as follows:
−

−
−
−

From the change of variable, 𝑃𝐻𝐼 = min(𝑌, 𝑃𝐻𝐼𝑚𝑎𝑥 ), where Y is a new parameter and 𝑃𝐻𝐼𝑚𝑎𝑥
a maximum value set for the flow coefficient, the inlet relative speed (Vr1), angle (Angr1) and Mach
(M1) are calculated.
With the formula from Cumpsty’s book (Cumpsty, 1989) the critical Mach number (Mc) is
calculated
If the relative Mach number is smaller than the critical Mach number (Mc>M1) then the rotor is
subsonic and the sequential block stops there, and outputs the then calculated parameters
On the contrary (Mc<M1), the rotor is in choking condition. Using the same formula from
Cumpsty and a dichotomous approximation method, the critical flow coefficient, PHIc, is found.
With this new value of PHIc the relative parameters are calculated and given as outputs of the
sequential block.

The 𝑃𝐻𝐼𝑚𝑎𝑥 value is added as a safety net, for the initialization to be within normal range. Indeed there
were a few cases where initialization with a strong Y parameter rendered the calculations diverging. With
trial and error technique, the parameter 𝑃𝐻𝐼𝑚𝑎𝑥 was set to 2.
Like in for the stator, the loss parameter is here changed to:
𝜔 = 𝜔𝑀𝐿 + 𝑎(𝑖𝑀𝐿 − 𝑖 + max(𝑃𝐻𝐼 − 𝑌, 0))2
Y is again calculated to fit the exit Mach number, adapting the pressure losses by doing so. When in nonchoking conditions, the equations are unchanged because 𝑃𝐻𝐼 = 𝑌. When choking, Y and 𝑃𝐻𝐼 values
differs and the losses increases. It is important to notice that the implementation of Y in the loss formula is
an arbitrary choice.
Another function could be implemented for instance to improve the continuity of the derivatives if needed.
This will be further discussed in 6-3.
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Programming difficulties
While PROOSIS is a very powerful tool for modeling and is quite quick to execute, the creation of the
current models partition was trickier than anticipated, due to the choosing of the boundary condition. While
the stator and rotor models worked very well when tested on their own, the cascade realization was more
difficult.
In the first instance of the model, the subsonic operating, the calculation was being operated from one end
to the other, meaning that the boundary condition set in the model were enough to calculate sequentially
the inlet condition, and outlet conditions, iterating on a few non explicit variables. By stacking components,
the full compressor can be fully represented.
On the second instance of the program, the choking phenomena requires a switch in the controlling
parameter, from the flow coefficient to the exit axial Mach angle. This change induce a shift in the
mathematical model, since it required the Y variable to be iterated upon. The execution of the problem isn’t
done from inlet to outlet anymore, but as a whole iterative process over numerous equations.
Though each component worked on their own, connecting them revealed another issue. First, the new
boundary conditions, required an iteration not just in each component, but on the whole system. In
PROOSIS non-causal programming, the ports don’t just exchange values, they are equivalence between two
variables. And those equivalences are used when creating the partition. Some equations appeared to be
making the model over constrained or incompatible from one component to the other. And with the
stacking of several stage, the high amount of variables and equation makes it harder to identify those
equations.
To solve these issues, the right set of equation needed to be found, one that both assure a conservation of
the fundamental laws, and a compatibility between components. The debugging and optimization began
with a single stage, and required many iterations and recoding of the different components, as well as
changes in partition making and experiment initialization. It was finally made possible to successfully
program a multistage compressor, which results are presented in the following part.
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5 Experiments and results
Geometric data
NASA stage 35 describes the geometry of a low aspect transonic compressor stage, whose rotor has 46
blades and stator 36. At the design speed (a little under 18 000 rpm), the stage achieves a pressure ratio of
little under 1.9 with an efficiency over 87%.
For the validation of the 1D model, the geometry of this stage was adapted to create a 4 stage compressor
geometry. The geometric data is represented in
Table 5-1

IGV

ROTOR 1

STATOR 1

ROTOR 2

STATOR 2

ROTOR 3

STATOR 3

ROTOR 4

STATOR 4

𝑟𝑖𝑛−ℎ𝑢𝑏

0.17407

0.17780

0.18821

0.19238

0.19477

0.19691

0.19885

0.20059

0.20215

𝑟𝑖𝑛−𝑡𝑖𝑝

0.25621

0.25248

0.24262

0.24011

0.23772

0.23558

0.23364

0.23190

0.23034

𝑟𝑜𝑢𝑡−ℎ𝑢𝑏

0.17780

0.18715

0.19238

0.19477

0.19691

0.19885

0.20059

0.20215

0.20356

𝑟𝑜𝑢𝑡−𝑡𝑖𝑝

0.25248

0.24511

0.24011

0.23772

0.23558

0.23364

0.23190

0.23034

0.22893

Χ1

0.00

-4.95

15.36

-4.95

15.36

-4.95

15.36

-4.95

15.36

Χ2

10.00

-6.40

17.22

-6.40

17.22

-6.40

17.22

-6.40

17.22

θ

10.00

-11.35

32.58

-11.35

32.58

-11.35

32.58

-11.35

32.58

𝜎 = 𝑐⁄𝑠

1.36

1.47

1.36

1.47

1.36

1.47

1.36

1.47

1.36

Table 5-1 Geometric parameters of the blade rows for testing. (Lengths are in mm and angles in degrees)

For the first raw, the geometric parameter are those of the rotor 35 (Reid, 1978). The following rows are a
downsizing of that first row so that each row is 10% smaller than the previous one. This design choice was
made to have a coherent geometry in order to perform tests on the model.
The Inlet Gas Valve (IGV) has an arbitrary geometry, typical for IGVs. The IGV geometry has to be
coherent with the model, but its geometry is here straight forward, as to represent the losses, deviation and
fluid turning capacity the simplest way possible.
Even though the design point of this stage is around 18 000 rpm, the model was designed for subsonic inlet
or outlet. Thus, the rotation speed will not exceed 10 000 rpm
.
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Estimation of parameters
In order to run the model, several parameters that are unknown have to be estimated. In this part is explained
the choices or reason for the values taken for some of the parameters.
a. Losses predictions
Losses are an important part of the model. These losses can be correlated (see part V), but for a first run
and verification of the consistency of the model, these parameters are not required to be accurate. The three
coefficients 𝑖𝑀𝐿 , 𝑎 and 𝜔𝑀𝐿 as described in the losses description tells the program respectively where the
losses are minimal, how fast they grow when the incidence differ from that minimum, and what are their
values at this minimum. For validation sake, these parameters have been chosen fairly low for convenience.
Later in this part will be exposed the effects of losses on the global performance of the model. Loss
coefficients are displayed in Table 5-2.
Rotor
0
0.01
0.01

𝐢𝐌𝐋
𝐚
𝛚𝐌𝐋

Stator
0
0.01
0.01

Table 5-2 Loss parameters for testing the model

b. Stagger angle
The stagger angles for a single stage rotor/stator 35, as given in the NASA Technical Paper 1338 (Reid,
1978), are listed below in Table 5-3
𝛄𝐫𝐨𝐭𝐨𝐫
𝛄𝐬𝐭𝐚𝐭𝐨𝐫

-51.375
20.295

Table 5-3 Stagger angles at the meanline from NASA TP1338 (in °)

These angles are designed for an operating point that will not be reached during the simulation, as it is in
the supersonic domain. But these are still the values used for the first stage of the compressor, as they are
still quite good. For the multistage model though, these values are not optimal. The final values set for the
multi stage model test are listed in Table 5-4.
𝛄𝐫𝐨𝐭𝐨𝐫
𝛄𝐬𝐭𝐚𝐭𝐨𝐫

Stage 1

Stage 2 Stage 3 Stage 4

-51.375
20.295

-25
20.295

-25
20.295

-25
20.295

Table 5-4 Stagger angle for the multi-stage model

The model is here considered to have no VSV, so these angles are constant for all the simulated operating
points, even though dealing with VSV can also be done very easily in this model.
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c. Throat opening
The throat opening of the blades depends on the geometric configuration of the compressor, which are the
thickness distribution of the blade, the stagger angle, the solidity as well as the lift coefficient. In compressor
aerodynamics, Aungier displays a correlation graph of the throat opening (Aungier, 2003).
On this graph, it can be read that for the geometric configuration of the choke model, the throat opening
is around 0.6 for the rotor and 0.7 for the stator.

Un-chocked model for a single stage
a. Velocity triangle
Rotor - V1
Rotor - U1
Rotor - VR2
Stator - V1

Rotor - VR1
Rotor - V2
Rotor - U2
Stator - V2

1
2

1
2

ROTOR

STATOR
Figure 5-1 Velocity triangle for compressor stage

This graph was computed with the following boundary variables:
XN

Pt1

Tt1

ANG1

PHI

9000 rpm

101325 Pa

288.15 K

0

0.403

Table 5-5 Test data used for realizing Figure 5-1
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The velocity diagram is a good indicator for debugging. In fact, if there is an error in the model or the
convergence it is more than likely that it will appear on the diagram. Figure 4-1displays an example of the
velocity triangle given by a single stage with the input parameters from Table 5-5.
b. Compressor map for a single stage compressor un-choked

One of the goals for developing the model was to be able to break free from 0D representation that needs
pre-calculated compressor maps to work efficiently. The new model should then be able, by simulating the
steady flow at different operating point, be able to reproduce the compressor map.
Out of the 5 boundary parameters, 4 are kept constant: the inlet temperature, the inlet pressure, the inlet
flow angle and the rotation speed (inputs values are the same than for the velocity triangle).
From that, the flow coefficient is made to vary between 0.2 and 0.6 in order to sweep all of the operating
point at a given rotation speed. Then, by tracing the pressure ration as a function of the corrected mass
flow, are obtained the iso-speed curves, known as compressor map. The efficiency is not displayed on this
map, but is very close to 1, as the losses are very small (𝜂𝑖𝑠𝑒𝑛 ≈ 0.99)
On Figure 5-2 are represented 3 iso-speed curves, which stretch from 8000 rpm rotor speed to 9000 rpm,
with a 500 rpm step. This map, is very much what is expected from the model at this stage. The pressure
ratio ranged from 1.35 to 1.1 are coherent with Nasa Technical Paper 1338 ratios given for off design
measurements, which are around 1.3/1.2 for 50% design speed (around 9000 rpm). (Reid, 1978)
1.4
1.35
1.3

Pressure ratio

1.25
1.2
1.15
1.1
1.05
1
0.95
0.9
8.4

9.4

10.4

11.4

8000 rpm

12.4

13.4

14.4

Corrected mass flow (kg/s)
8500 rpm

15.4

16.4

9000 rpm

Figure 5-2 Pressure ratio as function of the mass flow for a single stage
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17.4

c. Influence of the inlet angle on the single stage un-choked model
Given the physics of the model, a change in the inlet angle translates into a change in the peripheral speed.
This impacts the Euler equation, and by such the pressure ratio. So the model should increase the pressure
ratio when the angle decreases, an effect which Figure 5-3 illustrates very well.
1.5
1.4

Pressure ratio

1.3
1.2
1.1
1
0.9
8.4

9.4

10.4

11.4
12.4
13.4
Corrected mass flow (kg/s)

ANG1=0

ANG1=-10

14.4

15.4

16.4

ANG1=+10

Figure 5-3 Influence of the inlet angle on the compressor map

d. Influence of losses coefficient on the single stage un-choked
model
Losses in the compressor were estimated very low. In fact it is interesting to look at their effect on the
compressor mapping. The minimal losses have a direct impact on the pressure ratio in the rotor, as showed
on Figure 5-4. Also there is a clear convergence towards the isentropic iso speed curve.
1.35
1.3

Pressure ratio

1.25
1.2
1.15
1.1
1.05
1
0.95
0.9
8.9

9.9

10.9

11.9

12.9

13.9

14.9

15.9

Corrected mass flow (kg/s)

ωML=

0.3

0.2

0.15

0.085

0.06

Figure 5-4 Pressure ratio as a function of the corrected mass flow. Influence of the
minimum loss parameter ωML
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The loss coefficient as expected, also have huge impacts on the isentropic efficiency, as showed in Figure
5-5.
1

Isentropic efficiency

0.9
0.8
0.7
0.6

0.5
0.4
0.3
0.2
0.1
0
8.5

9.5

10.5

11.5

12.5

13.5

14.5

15.5

16.5

Corrected mass flow (kg/s)

ωML=

0.3

0.2

0.15

0.085

0.06

Figure 5-5 Isentropic efficiency for several values of ωML

e. Compressor map for the four-stage unchoked compressor model
With the validation of a single stage compressor, and using the geometric data of a), adapted from NASA
stage 35 (Reid, 1978), the stacking of several stages consists simply in connecting the different components
to one another. The final iso-speed curves obtained are displayed on Figure 5-6. At this point the model is
considered to be coherent: The pressure ratio and mass flow are within expected ranges. Due to its flexibility,
is it very convenient to add other effects, like choking, which results are showed in the next part.
6
5.5

Pressure ratio

5
4.5
4
3.5
3
2.5
2
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Figure 5-6 Compressor map of a 4-stage axial compressor
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Choked model Rotor / Stator
As stated earlier, the new variables Y introduced in the choking model are responsible for an artificial
increase of the losses to match the exit Mach given as an input parameter.
During this part of the modification, the new boundary variables are changed and listed in

Table 5-6. These values are used for both the rotor and the stator independently.
The last boundary, the exit axial Mach number, varies between 0.2 and 0.89 for the rotor, and 0.25 and 0.8
for the stator (domains of convergence)

Boundary
Pt
Tt
XN
Ang

Units
Pa
K
rpm
°

Values
101325
288.15
8000
0

Table 5-6 Boundary parameters for unchoked model simulation, both rotor and stator

From Figure 5-8 through Figure 5-13 are represented in order, the throat opening as function on the critical
corrected mass flow, the Y parameter curves, the loss coefficient and the mass flow curves as function of
the exit axial mach.. The change from unchoked to choke is clearly visible in the sharp angles made by the
Y-curves, and also in the case of the stator by the fact that Y becomes negative. This choking correspond
to a rapid increase in losses. The mass flow is then blocked at a maximum value. This maximum value
depends on the geometry of the compressor, because of the inlet area for instance, but also is dependant
on the b/s ratio, as shown in Figure 5-7.
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Figure 5-7 Throat opening as a function of the critical mass flow for a rotor
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The Y parameter introduced allows to sweep the whole domain of operating condition, though it is clear
from Figure 5-10 through Figure 5-13 that the choice of implementation, though continuous function, its
derivative change abruptly when choking occurs. This can be improved using a judicious function of Y for
the losses.

Single stage choking model
As a final result, like on the previous version of the model, once the rotor and the stator are connected
together, a final compressor map can be made (Figure 5-14). The unchoked part react exactly like the
previous version of the model. The choked part correspond to a very rapid decrease in pressure ratio, as
well as in the isentropic efficiency, as shown on Figure 5-15.
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Figure 5-14 Pressure ratio as a function of the mass flow
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16

6 Future prospects
Now that the model is implemented, its flexibility makes it very easy to be modified to add new effects or
better correlations for any type of effect. In this part will be presented some of the upcoming work to be
added to the model.

More accurate aerodynamics correlations
The NASA report SP-36 (Lieblein, 1965) develops a good amount of correlations for rotors and stators,
which are summed up in Aungier’s book (Aungier, 2003), it is possible to get a fair share of accurate
correlations for losses in a compressor blade.
a. Minimum loss incidence
According to SP-36 report, it has been showed that for camber less blades, the minimum loss incidence
angle is always positive. In fact, a slight increase in the incidence angle allows for a better speed distribution
in the boundary layers over the blades, resulting in less losses.
The minimum angle is then calculated through
𝑖 ∗ = 𝐾𝑠ℎ 𝐾𝑡,𝑖 (𝑖0 ∗ )10
Where (𝑖0 ∗ )10 correspond to the minimum angle for a 10% thick NACA 65 – (A10) series, 𝐾𝑠ℎ represents
the correction for a different blade shape than the reference blade and finally the correction for any thickness
different from 10%: 𝐾𝑡,𝑖 .
b. Blade throat opening
According to Aungier (Aungier, 2003), there are two ways of calculating the throat opening. The first one
is by considering a cascade of blades, and using a simple trial and error process. By distributing point over
the profile, a computer can easily find the minimum opening.
Another method is to use empirical correlations. From Aungier, a new modified stagger parameter can be
defined as:
Γ = 𝛾(1 − 0.05𝐶𝑙0 1.5 ) + 5𝐶𝑙0 1.5 − 2
where 𝐶𝑙0 is the lift coefficient of the blade. The ratio of throat opening to pitch can now be written:
𝑏
√𝜎
= [(1 − 𝑡𝑏 √𝜎/𝑐)cos(Γ)]
𝑠
This correlation was made for NACA 65 series blades, but are according to Aungier still accurate for other
blade profiles.
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Stall limit
The compressor stall correspond to a local disruption in the airflow through a compressor. Similar to an
airplane wing, when the blades stall, the flow becomes unstable and can lead to surge. In the model of losses
used in the model, the losses are minimum at the optimal incidence angle, but increases rapidly when the
model operates too far from the designed operating point. This allows for the detection of the positive and
negative stalling angles, 𝑖𝑠 and 𝑖𝑐 respectively, that correspond to loss coefficient being twice the minimum
value. (Aungier, 2003)
Knowing those values, it can be implemented in the model as limits for incidence and ensure that the model
stays within its boundaries.

Continuity of function’s derivatives
When looking at Figure 5-10 through Figure 5-13, it is clear that the introduction of the Y parameter created
discontinuities in the derivatives functions. But by choosing an adequate function of Y in the losses the
derivatives can be modified, while keeping the continuity between the choke and the regular operating.
𝜔 = 𝜔𝑀𝐿 + 𝑎(𝑖𝑀𝐿 − 𝑖 + max(−F(𝑌),0))2
F(y) has to comply with the same constraints Y did, but within those constraints, there is still a choice which
allows to modify the derivatives at choke. Although this function could be obtained analytically, the
calculations and the outcome are very cumbersome, and instead, a trial and error technique, with very simple
functions (like exponentials, polynomials…) will be executed in order to improve the derivatives continuity.

Compatibility with actual models
One of the aim of the model was to replace within a more global performance model the compressor
module. In this scope, several adaptations to the model should be made to ensure that it is fully compatible:
−

−

The boundary setting must be adapted to the boundaries of the global model. The performance
models modules are connected with the kinetic momentum over mass, and mass flow temperature
and pressure. An adaptation to the component must be done for the model to be compatible with
those boundaries.
The heat capacity ratio and heat capacity at constant pressure have been considered constant in the
whole model, for convenience and to make the coding part easier. Since it is not the case in the
global performance model, it has to be adapted before the final implementation.
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7 Conclusion
This project has validated the possibility to introduce a 1D aerodynamic model, subsonic to choke operating
points, in the engine performance model using PROOSIS, a non-causal programming software. Between
subsonic and choking, the boundary conditions changes, and a new way of uniting the two models needs to
be found so that PROOSIS solver could be used. This new way introduced a lot of complexity in the model,
and the stacking up becomes not so trivial. But it can still be resolved and the results obtained from the
model shows that the implementation is satisfactory. From this modeling and results, it is clear that it is
possible to accommodate to a continuous programing language a physical system at the two ranges of
operation of a compressor, thanks to the use of mathematical artefacts.
This project presents a new way of addressing choking phenomena in non-causal programming, by unifying
in a single physical system such as the two uncorrelated subsonic and choked systems. It is the prototype
on which can be implemented a lot of aerodynamics effects, that will make possible for better understanding
of the different roles of those effects on the performance of the engine. Moreover, it will be useful for both
implementing better control laws and have better estimation of performance at the designing stages of
development, due to its flexibility.
Moreover, it allows the user to implement transient effects in a much easier way then in 0D model. Those
effects can be, among other, water ingestion, ice ingestion, burnt gases injection, thermal transfers… and
can be taken into account with this new approach.
Some questions still remains, concerning for example the validity of such a model from a performance point
of view, in terms of computing time, accuracy and cost efficiency. The 4 stage models obtained can have up
to 40 iterative values that cause longer resolution time.
In the long scopes, models like this one allows engineers to have a better understanding of the operating of
compressor, and can lead the way to more efficient designs or operating procedures.
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