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Abstract 
To fully determine the performances of high-pressure compressors (HPC), modeling and partial tests can be 
performed to characterize its different operating conditions. Nevertheless, there are still noticeable errors 
between the results of these models and the tests: deformations and differences can appear, and notably because 
of a modeling defect or the assumptions made during the analysis (measurement corrections for example). To 
model the closest to the tests, it is therefore necessary to include all the different elements impacting the 
performances of the compressor performance map to model the operating points correctly. The purpose of 
the thesis is to take in charge a new software that predicts the performances of high-pressure compressors, 
built in Python where a compressor can be decomposed in elementary axial and/or centrifugal compressors 
using their respective compressor performance map. By a stacking technique it is possible to characterize the 
operating point of the main compressor by knowing the inlet and the outlet conditions, and to include several 
deformation models such as Reynolds number effects, Variable Stator Vanes (VSV) effects, or tip clearance 
effects on the performances of the compressor. A calibration function also allows the development of new 
versions of the previous deformations models and it quantifies the unknowns and uncertainties between 
computed and tested results. Several working points at off-design conditions were computed with specific 
operating conditions such as the opening of a handling bleed valve. Deformations models of this specific 
condition was built to mitigate the uncertainties between computed and tested results and include the 
phenomenon to the modeling. Several deformations models were also compared for efficiency purposes.  
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Sammanfattning 
För att fullt ut kunna bestämma prestanda hos högtryckskompressorer (HPC) kan modellering och delprov 
utföras för att karakterisera kompressorns olika driftsförhållanden. Det finns emellertid fortfarande märkbara 
skillnader mellan resultaten av dessa modeller och testerna: deformationer och skillnader kan uppstå på grund 
av en modelleringsdefekt eller antaganden som har gjorts under analysen (t.ex. mätkorrigeringar). För att närma 
modellen till prov är det därför nödvändigt att inkludera alla de olika elementen som påverkar kompressorns 
prestanda för att korrekt modellera de olika arbetspunkterna i en kompressor mapp. Syftet med avhandlingen 
är att implementera en ny Python-baserad programvara som förutspår prestationerna hos 
högtryckskompressorer, där en kompressor kan brytas ner i elementära axiella och / eller 
centrifugalkompressorer med tillhörande kompressor prestandamappar. Med en staplingsteknik är det möjligt 
att karakterisera huvudkompressorns driftspunkt genom att känna till förhållanden vid inloppet och utloppet 
av huvudkompressorn. Modellen inkluderar olika effekter som Reynolds-tal effekter, ”Variable Stator Vanes”-
effekter (VSV) eller påverkan av toppspel. En kalibreringsfunktion tillåter också utveckling av nya versioner av 
tidigare modeller och kvantifierar osäkerheter och skillnader mellan resultat från simuleringar och de från 
prövningar. Flera arbetspunkter vid off-design-förhållanden simulerades med specifika driftsförhållanden, 
såsom öppnandet av avtappningsventiler (”bleed air valves”) och deformationsmodeller för dessa specifika 
tillstånd togs fram för att minska osäkerheten hos simuleringsresultat. 
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Introduction 
The improvement of the computing power allowed the raising of numerical simulations for industrial 
applications. When designing jet engines, 3D calculations can certainly be considered. Problem is, these 
calculations can’t be performed in reasonable time to be used for quick design approaches yet. Some 
phenomena are indeed very demanding and models need to be elaborated to include the physics happening 
within the machine in the modeling. Other tools are then necessary to answer concrete problems of drawing 
and can give quick solutions for a design. 

This thesis work is part of this process. In its design activities, design offices of Safran Aircraft Engines are 
performing stacking calculations for their axial and/or centrifugal compressors design process. This stacking 
mechanism is reliable, quicker than 3D calculations and with correct results. When doing the theoretical 
approach of the machine, operating points can be pointed out for all the elementary compressors composing 
the compressor of study by knowing their compressor map (pressure ratio vs. reduced mass flow and isentropic 
efficiency vs reduced mass flow). By adding the deformations to which theses compressors are confronted and 
the inlet and outlet conditions of the main compressor, in particular total pressure and temperature and the 
inlet reduced mass flow, it is thus possible to predict the general behavior of the main compressor as well as its 
elementary compressors, and to compare the results to the associated measured test points. It is finally possible 
to estimate the misunderstanding of the overall modeling, identify the uncertainties, and calibrate the models 
based on these data. 

From a given data set from a test campaign of an axial-centrifugal compressor, a first step of calibration was 
performed on this basis using some deformation models already existing. A “calibration law” or “calibration 
model” was then created to calibrate the previous modeling on these results by including the uncertainties. A 
focus on specific points using bleed air within the centrifugal compressor was done. A deformation model was 
created to include this handling bleed valve phenomenon and to quantify its impacts on the overall 
performances of the machine. The model was first created with the software Optimus and validated on Excel, 
then added to the tool written in Python. A comparison between the results given by the model was done using 
another bleed air model. Other phenomena involving efficiency losses within the machine were taken into 
account such as Reynolds effect or tip leakage losses. 
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 Group and company presentation 

 Safran group 
Safran is a leading international high-technology group with three core businesses: Aviation, Space and Defense. 
Created in 2005 with the fusion of Snecma and Sagem, the group employs more than 58 000 employees in 2016 
all over the world. It generated more than 15 billion euros of adjusted revenue of its continuing operations in 
2016 and invested about 1.7 billion euros in its research and development programs. The various activities, 
markets and companies of each core business are briefly developed in the next paragraphs.  

 
Figure 1: Breakdown of revenue of business 

1.1.1 Aviation and space 

The Aerospace Propulsion branch of Safran gathers all the activities to the propulsion systems of airplanes, 
helicopters and missiles, in civil, military and space markets: design, production, marketing, testing and 
maintenance.  

In this sector, Safran main markets are: 

• Civil aircraft engines: No. 1 worldwide for short and medium range aircrafts in 50/50 partnership with 
General Electric through CFM International; 

• Helicopter engines: No. 1 worldwide.  

The group is also a main actor in aeronautic equipment such as: 

• Braking and landing systems for engines: No. 1 worldwide in landing gears, etc.; 
• Engine systems and equipment: leader in mechanical power transmissions for aircraft; 
• Electrical systems: No.1 worldwide in aeronautical electrical interconnection systems. 

1.1.2 Defense 

Operating in the optronic, inertial guidance, electronics and safety-critical software markets, Safran offers 
today’s armed forces a complete range of optronic, navigation and optical systems and equipment for use in 
the air, on land and at sea. The group is No. 1 worldwide in helicopters flight control laws and No.1 in Europe 
in inertial guidance systems.  

 Safran Aircraft Engines 
Safran Aircraft Engines (previously called Snecma) is a Safran subsidiary. It designs, develops, produces and 
markets, alone or in partnership, engines for civil and military aircraft, and for satellites. The company also 
offers a complete range of engine Maintenance, Repair and Overhaul (MRO) services to airlines, armed forces 
and other operators. In 2016, the company had more than 15 700 employees working worldwide in the 35 
plants of the company and generated sales of 8.1 billion euros. 
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1.2.1 Divisions 

1.2.1.1 Commercial engines 
Safran Aircraft Engines covers a large part of the civil aviation market. The company especially develops and 
produces through CFM International the CFM56, the world’s best-selling commercial engine which is also 
considered as the most reliable of its generation. More than 24.000 thousands of these engines are currently in 
service. Safran Aircraft Engines and General Electric are today working together on the CFM56’s successor, 
the LEAP (Leading Edge Aviation Propulsion) which powers the new commercial jets Airbus A320Neo, the 
Boeing 737 Max and the Comac C919. This new jet engine offers lower fuel consumption and CO2 emissions 
lowered by 15% with respect to the previous engines. Safran Aircraft Engines is also a partner of GE on several 
large turbofans, namely the CF6, the GE90, and the GP7200, which power long-range widebody jets. The 
company is currently developing the Silvercrest, a new jet engine designed for business aircraft. In the regional 
aircraft market, Safran Aircraft Engines and its partner NPO Saturn of Russia develop and produce the SaM146 
engine for the Sukhoi Superjet 100 regional jet, through the joint subsidiary PowerJet. 

 
Figure 2: Products of the commercial engines division 

1.2.1.2 Military engines 

Safran Aircraft Engines designs, develops, produces, markets and supports engines (both jet engines and 
turboprop engines) for 20 different types of military transport, training and combat aircraft, deployed by the 
armed forces of 40 countries. Its flagship products include the M53-P2 powering the Mirage 2000, the M88-2 
for the Rafale, and the TP400 developed through the European alliance Europrop International to power the 
Airbus A400M transport. 

 
Figure 3: Turbofan engine M88 and the Dassault Rafale military aircraft 



-13- 
 

1.2.1.3 Space engines 

Safran Aircraft Engines designs, develops and produces propulsion systems and equipment for launchers, space 
vehicles and satellites. The company is also the European leader in plasma propulsion with the PPS®1350 
thruster, already proven on ESA’s Smart-1 lunar probe. With this technology, an all-electric geostationary 
satellite can reduce launch weight by 40% or increase its payload. 

 
Figure 4: Plasma thruster PPS 1350-E 

1.2.2 Integration of the thesis within the company 

The thesis was performed at Safran Aircraft Engines in its site in Villaroche near Paris, within the Aero-
Mechanical Integration Veins and Blades unit of the High-Pressure Compressor department in the 
Compressors and cold Structures Division. 

 Context 

 General operation of a turbojet 
Turbomachinery are used in a wide range of applications such as aeronautic propulsion, cars, space, or energy 
production. In principle, the turbomachinery allows an exchange of energy between the machine and the 
working fluid going through. The main idea is to use the energy of the combustion between the air and the fuel 
to power a turbine which is linked to the fan and the compressors by the same shaft, creating the main part of 
the thrust. 

 

By neglecting the mass flow of the injected 
fuel added to the flow, Vogt [1] defined the 
thrust 𝑇	as: 

𝑇 = �̇�(𝑣6 − 𝑣8) 

Where �̇�	is the mass flow of the working 
flow, 𝑣8 is the absolute inlet velocity, and 𝑣6 
the absolute jet velocity. From a strictly 
quantitative point of view, to get higher 
thrust, two main solutions are possible: 

 

• By increasing the mass flow of the machine by increasing its diameter. This solution leads to higher 
by-pass ratio with really large inlet fans. 

• By increasing the velocity difference (𝑣6 − 𝑣8) which leads to increase the jet velocity 𝑣6. This is 
achieved by using a nozzle placed after the turbine. This configuration is mainly used for supersonic 
propulsions in military applications. Increasing the jet velocity greatly increases the noise of the engine 
and is poorly adapted for commercial applications. 

Figure 5: Schematic diagram of a high-bypass ratio two-shaft turbofan engine 
(Wikipédia) 
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 Study compressor 

2.2.1 Basic principle 

 
Figure 6: Velocities triangles of an axial compressor 

The Figure 6 above shows the velocities triangles of an axial compressor stage composed of a rotor followed 
by a stator. By defining 𝑣 as the absolute velocity, 𝑤 the relative velocity, and 𝑢 the speed of rotation, the total 
enthalpy ℎ< can be written as: 

ℎ< = ℎ +
𝑣>

2
= 𝑐@𝑇< = 𝑐@𝑇 +

𝑣>

2
 

From the First law of thermodynamic, one can show from [1] the variation of the total enthalpy is defined by 
the Euler equation, written as:  

Δℎ< = Δ(𝑢	𝑣B) = 𝑢>𝑣B> − 𝑢C𝑣BC 

The total enthalpy variation of a stage is related to the power 𝑃	developed by the stage by the relation 𝑃 =
�̇�Δℎ< so that at fixed mass flow the higher the variation of enthalpy the higher the developed power is. From 
this relation, two different paths to increase the enthalpy variation of the stage are possible: 

• By increasing the radius R of the blade to increase 𝑢 because 𝑢 = 𝑅𝜔 : centrifugal compressors; 
• By increasing the deviation of the flow Δ𝑣B : axial compressors. 

2.2.2 Axial-centrifugal compressor 

The high-pressure compressor studied in this thesis is an axial-centrifugal compressor. By definition, the flow 
moving through the axial compressor is almost not deviated with respect to the compressor axis of rotation, 
and for the centrifugal one, the flow is axial at the inlet and perpendicular to the axis of rotation at the outlet. 
With identical radial dimensions, the mass flow of an axial compressor can reach six times the mass flow of a 
centrifugal compressor. With identical axial dimension, the pressure ratio of one centrifugal stage can be six 
times the pressure ratio of an axial one. 
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The Figure 7 above shows the studied compressor composed by one axial part and one centrifugal part. The 
planes are specified at the inlet and outlet of each parts. For instance, the plane 25 corresponds to the inlet of 
the axial part and physical quantities P25, T25, W25, or W25R will be reported to this plane number. A bleed 
air within the plane 29 will be a mass flow extraction within the centrifugal compressor. The plane referred as 
30 or 3 will be the outlet of the entire HPC. 

2.2.3 Surge 

Unsteady phenomena could arise in any compressor. Among all, the surge of a compressor is the analogy of 
the stall of a wing when the angle of attack is too high and the lift drops. For a given rotational speed, surge 
happens at low mass-flow when a too high adverse pressure gradient develops and causes the flow to return 
upstream. It can lead to mechanical ruptures of the parts. In extreme cases, the combustion chambers empties 
through the compressor until the compressor resumes control. 

The surge line is defined in a compressor map as all the operating points in pressure ratio Pi – reduced mass 
flow WR at which the surge happens. This line depends also on the operating conditions (Reynolds effect, 
VSV, tip clearance, bleed air…). Finally, all the specifications needed for the certifications and from the clients 
of the engine (acceleration / deceleration times, altitudes of cruise, etc.) will impact the surge margin. The idea 
is to reach the required specifications during the conception phases with the surge margin, and get the higher 
efficiencies for the entire engine. 

2.2.4 Sonic blockage and transonic flows 

In nozzles, the sonic blockage characterizes a regime when the flow velocity is sonic at the throat. This 
phenomenon can also arise in blades stages of compressors. In general, all transonic flow within the machine 
induces choc waves, boundary layer separations, which all lead to pressure losses, efficiency losses and a 
decrease of surge margin. 

2.2.5 Compressor performance map 

The compressor map represents the predicted or measured performances of the compressor for different 
rotational speeds. It is commonly represented as the pressure ratio with respect to the inlet reduced mass flow 
𝜋 = 𝑓(𝑊𝑅) and the efficiency with respect to pressure ratio or the inlet reduced mass flow 𝜂 = 𝑓(𝜋	𝑜𝑟	𝑊𝑅) 
for several rotational speeds. In the compressor map, the operating lines are representing all the operating 
points possible for the compressor, and they depend on the external conditions such as pressure or temperature, 
or flight conditions (e.g. operating lines at ground and at cruise are different). Surge line and sonic blockage can 
also be represented in the Figure below: 

Figure 8: Axial-centrifugal rotor Figure 7: Schematic view of the compressor  
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Figure 9: Compressor map 

 Deformations of the compressor performance map 
Mechanics and fluid dynamics phenomena involved within the engine could change (increase but often 
decrease) the performances of the engine. Their impacts could cause significant losses of surge margin too. 
Thus it is mandatory to take into consideration this phenomena when designing the machine. Deformation 
models are then developed and used to predict the performances as close to the real engine as possible. Among 
all the phenomena involved in the compressor that deform the map, some were studied with more detail and 
are presented in the report below. 

2.3.1 Reynolds effect 

The Reynolds number 𝑅𝑒 is defined by: 

𝑅𝑒 =
𝜌𝑈𝐷
𝜇

=
𝑊𝐷
𝐴𝜇

=
𝑈𝐷
𝜈

 

With: 

• 𝑈 : Characteristic flow speed [m/s] ; 
• 𝐷	: Characteristic length [m] ; 
• 𝜇	: Dynamic viscosity of the fluid [kg/(m.s)] ; 
• 𝜈	: Cinematic viscosity of the fluid [m²/s] ; 
• 𝑊: Mass flow of the flow [kg/s]; 
• 𝐴: Cross section [m²]. 

The influence of the Reynolds number on the overall performances of the turbomachinery is well documented 
in the scientific literature. Its complete modeling technique is however unclear because several models were 
often developed with specific conditions relying on the machine geometric configuration and it characteristic 
test. 

For laminar boundary layers over a flat plate, the Blasius solution of the flow governing equations gives the 
well-known boundary layer thickness 𝛿 at a point on the wall 𝑥: 

𝛿S ≈ 5.0𝑥/Y𝑅𝑒S 

From the previous equation it is clear that the Reynolds number influences directly the boundary layer 
development, which leads to efficiency losses.  
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In general, the Reynolds number decreases with altitude because of the decrease of ambient pressure as 𝑃 𝜌⁄ =
𝑟𝑇 for an ideal gas. Below a certain critical Reynolds number, viscous effects have non negligible effects on the 
efficiency. Wiesner [2] developed a methodology for Reynolds numbers in the range [5.0 × 10>; 5.0 × 10_] 
for single and multi-stages centrifugal compressors. One historical equation is usually used in the literature and 
represents the variation of the correction of isentropic efficiency (or efficiency deficit) with the Reynolds 
number, and can be written as:  

1 − 𝜂a
1 − 𝜂bcd

= 𝑎 + (1 − 𝑎)f
𝑅𝑒bcd
𝑅𝑒a

g
h

 

Where the index 𝑇 stands for operating point and 𝑁𝑂𝑀 for nominal conditions where	𝑅𝑒bcd = 1.60 × 10m. 
In the previous equation, two different constants 𝑎 and 𝛾 are presented and are highly depending on the 
dimensions and the type of the machine.  

 
Figure 10: Adiabatic efficiency, flow, work and head coefficients function of the Reynolds Number (Wiesner [2])  

On the Figure 10 above, several curves can be observed and correspond to several operating points: efficiency, 
adiabatic work, flow coefficient curves. Two clear regimes are noticeable separated by a critical Reynolds 
number previously introduced. Efficiency losses are significant below this critical Reynolds number. In his 
publication, Wiesner presented also many equations to correct the loss using empirical results. 

The previous historical equation was often used and written in several ways. Carter [3] published a paper in 
which he performed an experimental study on test bench with a single stage axial compressor for Reynolds 
numbers in the range	[0.08 × 10m; 9.0 × 10m ]. He kept the following formulation for the efficiency deficit 
which is quite similar to the first one: 

(1 − 𝜂qrs) = 𝑘 × 𝑅𝑒uv 
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Figure 11: Efficiency deficit function of the Reynolds number (Carter [3]) 

It is clearly suggested in [2] and [3] that the Reynolds number variation is crucial on the compressor efficiency. 
Two different regimes of operation are noticeable separated by a critical Reynolds number. Unfortunately for 
the thesis, all numerical figures published in the papers and the literature in general are machine-dependent and 
they are not directly usable. The behavior of the efficiency deficit was nonetheless well understood by following 
a power law. 

The work of Wiesner [2] was used and discussed by Casey [4] for centrifugal compressors. The variations of 
the two previous parameters 𝑎 and 𝛾 are not trivial. They depend on several factors usually machine-dependent, 
but they can also depend on the experimental settings, or the assumptions used. Casey highlighted that, in order 
to use the first equation of Wiesner, it was mandatory to know exactly the pressure losses due to the Reynolds 
number and the pressure losses that are independent of the Reynolds number. One single misunderstanding of 
these losses could involve significant changes in the corrections. 

Casey [4] established a relation between the correlation coefficient and the Reynolds number by adding the 
equivalent rugosity. He stated the efficiency losses of a stage can be associated with equivalent pressure losses. 
After some work, the equation saw its power coefficient deleted, and were written as: 

1 − 𝜂
1 − 𝜂wxy<

= 𝑎 + (1 − 𝑎)
𝜆

𝜆wxy<
 

With 𝜆 is the equivalent pipe friction factor. Even though the power coefficient is not here, one machine 
dependent coefficient still remain. Casey developed another model based on enthalpy losses due to the friction 
losses: 

Δℎ{ = 𝑐	𝜆𝑈>> 

With 𝑐 a new parameter that only depends on the geometric ratio at the outlet of the impeller (𝑏> and 𝐷>), 𝜆 
is function of the Reynolds number and the relative rugosity: 𝜆 = 𝑓(𝑅𝑒, 𝑅𝑎, 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦). By writing the work 
at the inlet of the compressor as: 

Δℎ = 𝜇�𝑈>> 

Where 𝜇� is the input work coefficient, it leads to the expression: 

	𝜂 =
Δℎ − Δℎ{

Δℎ
= 1 −

𝑐
𝜇�
𝜆 
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With this approach, any small change in Reynolds number causes a change in the equivalent pipe friction factor 
of 𝛿𝜆 and will induce a change of the stage efficiency of: 

𝛿𝜂 = −
𝑐
𝜇�
𝛿𝜆 

This thorough vision links the stage efficiency variation to the Reynolds number, and will only be proportional 
to the changes in the pipe flow friction factor. 

  
Figure 12: Efficiency variation function of the Reynolds number (Casey [4]) 

In conclusion with the Reynolds effect, it is very difficult to use the equations stated on the literature and the 
linked coefficients because they commonly depend on the geometric configuration of the machine. In general, 
only the behavior of the efficiency deficit can be kept, and it is clear it varies with a power law. This behavior 
was also highlighted by Kozu in his paper [5], his results are presented in the Figure 13 below. The Reynolds 
effect was modeled with a power law in the software, some specifications from experiences and test campaigns 
were included in the modeling. 

 
Figure 13: Relative changes in efficiency function of the Reynolds number (Kozu [5]) 

Moreover, it could be useful to define the Reynolds Index (RNI) only as a function of the total pressure and 
temperature of the studied point by: 

𝑅𝑁𝐼 =
𝑃 × 10m × (𝑇 + 110.4)

403.8 × 10m × � 𝑇
288.15�

> 
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Using the RNI allows to write the Reynolds number as following: 

𝑅𝑒 = 𝑘 ×𝑊� × 𝑅𝑁𝐼 

Where	𝑘 is a factor that depends on the geometric configuration of the compressor and the Sutherland viscosity 
and where 𝑊w is the corrected mass flow. The development of the previous formulation is given in Appendix, 
this new formulation is always referring to the standard nominal running operation where RNI is equal to 1. 

2.3.2 Tip leakages effect 

In addition to the Reynolds effect, another effect related to the blade tip clearances needs to be taken into 
account during the modeling. In fact, there is a need of a functional clearance between the rotor blade and the 
casing. This mechanical clearance allows the integration and the rotation of the rotor with respect to the casing, 
as presented in the figure below: 

 
Figure 14: Clearance between the rotor blade and the casing 

Subject to abrasive material, abradable coating, or in specific configuration where contacts are allowed, it is 
preferable to avoid any contact between the moving parts and the casing because mechanical damages could 
happen. 

The clearances between tip blades and the casing are variable and highly depend on the working conditions of 
the machine: from Vogt [6], when the blades are in rotation, the centrifugal forces will extend the blades so the 
tip clearances will change. The blades or the casing could also expand due to thermal stresses near the wall. Tip 
leakage flows could develop at the tip of each blade, which lead to energy dissipation, and will decrease the 
efficiency and the surge margin. 

 
Figure 15: Tip leakage 

From the published paper [7], Zheng presented a numerical study of the radial tip leakage effects on an axial 
compressor, for clearances varying between 0% and 5% with respect to the blade span. The compressor Zheng 
used is presented Figure 16, and is a five stages axial compressor with inlet guide vanes, cantilevered stators 
and unshrouded rotors. He showed the higher the tip percentage clearance is, the higher the losses and the 
decreases of the compressor performances are. 
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Figure 16: Schematic diagram of the compressor studied by Zheng [7] 

 
Figure 17: Efficiency losses as function of the normalized mass flow and tip clearances (Zheng [7]) 

The Figure 17 above shows several tip clearance configurations for the same rotational shaft speed. Zheng 
presented that 3% of tip clearance with respect to the span induces at least 5.5 points of isentropic efficiency 
deficit. It can be pointed out that the behavior of the efficiency deficit is non-linear with the tip clearance as 
exposed in the above right picture. It is highlighted in the Figure 18 below that the losses behavior is non-linear 
for all the stators of the engine. 

 
Figure 18: Loss coefficient with tip clearance [7] 
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This study demonstrates the need to control the tip clearance in turbomachinery applications and the 
deterioration of the shroud. Bernadier [8] performed an experimental study on radial clearance on an axial 
compressor with clearances based on the blade span. (TC: tip clearance configuration) 

Table 1: Tip clearances presented in Bernadier [8] 

 TC1 TC2 TC3 

h/H (%) 1.5 3.0 4.0 

 

 
Figure 19: TC configurations presented in [8] 

Presented in Figure 19, two different casing geometry configurations are presented: the traditional trench in 
purple at 0.07Cx and 0.4Cx for the TC1, TC2, TC3 settings. For the traditional trench, the recess extends as 
far upstream and downstream of the rotor as possible to minimize disturbance to the tip leakage flow. Bernadier 
explained that changes in tip clearance were achieved through the use of a casing recess. 

 
Figure 20: Impacts of several tip clearances presented in  𝑇𝑃𝑅 = 𝑓(𝑚w)̇  (Bernadier [8]) 

The above Figure presents a compressor map for the three tip clearance configurations. Results are shown for 
several shaft speeds, the y-axis is the total pressure ratio and the x-axis the inlet corrected mass flow. The 
influence of the tip clearance follows the same behavior that the one presented by Zheng: for the same 
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operating point at the same shaft speed, increase tip clearances will decrease the overall performances of the 
machine. The model introduced in the modeling will include a mean deterioration of the shroud due to the age 
of the machine, and a tip clearance that is function of the rotational speed and of the thermodynamic conditions. 

2.3.3 Handling bleed valve effect (HBV) 

There are many reasons that can explain why the outlet mass flow of the compressor could be lower than the 
inlet one such as: 

• Bleed air for the aircraft uses: air can be taken from the vein to be used for the cabin pressurization; 
• Bleed air for engine use: air can be taken from the vein to be used for hot turbine blade cooling 

applications; 
• Leak flow: even with seals leak could always happen within the engine; 
• Handling bleed air: when the operating line of the compressor gets too closer to the surge line and the 

surge margin is too low, handling bleed valve might be opened, which will result to the loss of the 
bleed air in terms of efficiency and pressure ratio. 

Few studies had been found evaluating the impacts of bleed air inside a high-pressure centrifugal compressor 
on the overall performances of the machine. To answer an internal need within the engineering Unit, a modeling 
of internal bleed air in a centrifugal compressor was performed to evaluate its impacts on the high-pressure 
compressor. The model was built using Noesis Solution Optimus software and integrated to an in-house 
software for calibration and stacking computations. 

 The compressor stacking software 

 Introduction to the software 
The complete compressor of this thesis was decomposed in two different elementary compressors, as shown 
in the Figure 21. Every elementary compressor has its own compressor map, which means its operating 
map	𝜋 = 𝑓(𝑊𝑅). These compressors maps are determined by performing test campaigns or computations. 
The main goal of the software is to: 

1. Use the upstream and downstream boundary conditions (such as inlet and outlet total temperature and 
pressure, percentage of the reduced rotational speed and reduced mass flow) imposed on the operating 
points performed during the tests. 

2. Include the considered deformation models to the modeling; 
3. Calculate the operating points of all the elementary compressors using their compressor maps; 
4. Quantify the differences between the computed results and the test results.  

 
Figure 21: Simplified view of an N-stages compressor 

The schematic view below shows how the software is working: 



-24- 
 

 
Figure 22: Working principle of the software 

Several functions are available with the software and some of them where used during the thesis, they are 
presented below. 

 Calibration function 
The calibration function allows to quantify the unknowns between the results from the modeling and from the 
tests. These unknowns are called calibration coefficients, and depend on the position of the points of study in 
the compressor map so on the testing conditions during the test campaign or the deformations considered. In 
a general case, only the operating conditions are known and not the conditions based on the original compressor 
map. The following Figure illustrates the working principle of the calibration function of the software. 

 
Figure 23: Schematic view of the calibration function 

From a simplified point of view, using the data from a tested point with a specific pressure ratio Pi, mass flow 
and efficiency, the software calculates the deformation coefficients to apply using the deformations models 
considered during the modeling step. The sequence of the calibration function is synthetized below: 
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Figure 24: Calibration function sequence 

 Stacking function 
From a chosen iterative parameter, the stacking function allows to determinate the operating point of each 
elementary compressor by constraining the operating point of the main compressor. The models of each 
elementary compressor have to be calibrated before using the stacking function, and the procedure is illustrated 
below: 

 
Figure 25: Stacking function sequence 

 
Figure 26: Stacking procedure example 



-26- 
 

A stacking example is presented in the Figure above. The software will determinate the operating points of 
each elementary compressor starting with the operating point of the compressor 1, and the software will follow 
the steps: 

a. Calculate Pi1, WR1 from PCNR1 and Pi1/D1; 
b. Calculate P2 from Pi1 and P1, then W1 and PCN1 from WR1, PCNR1, P1 and T1; 
c. Calculate the efficiency1 within the compressor performance map (efficiency, WR) by interpolation at 

the fixed Pi1/D1 on the corresponding regime; 
d. Calculate T2 from efficiency, P1, P2 and T1; 
e. Calculate PCNR2 and WR2 from the primary mass flow, mechanical shaft speed, P2 and T2; 
f. Calculate Pi2 and Pi2/D2 from PCNR2 and WR2; 
g. Repeat each step for the following compressor. 

All the compressor performance maps used for the stacking computations need to include the deformation 
models (tip leakages, Reynolds effect, VSV, etc.) for all the operating points of the study, using the fixed inlet 
conditions (Tinlet, Pinlet, etc.). 

 Deformation models 
The deformation models are used in the software to take into account for all the modifications of the 
compressor map defined in nominal conditions. For instance it is possible to include: variable stator vanes, tip 
clearances, bleed air effect, Reynolds effect, etc. Each deformation model needs its own input data. The 
software will calculate the deformations separately and the total deformation of the compressor will be the sum 
of all the deformations (i.e. No interaction is accounted for). 

For the pressure ratio and mass flow deformations, the coefficient is obtained by multiplying each unit 
coefficient, called factors. For the efficiency, the global coefficient is obtained by adding each unit coefficient, 
called adders. By doing so, for 𝑛 deformations taken into consideration: 

𝐶𝑜𝑒𝑓𝑓_𝑊𝑅 =�𝐶𝑜𝑒𝑓𝑓_𝑊𝑅_𝐷𝑒𝑓𝑜y

v

y

 

Δ𝑊𝑅<�<8� = (𝐶𝑜𝑒𝑓_𝑊𝑅 − 1) 

𝐶𝑜𝑒𝑓𝑓_𝑃𝑖 =�𝐶𝑜𝑒𝑓𝑓_𝑃𝑖_𝐷𝑒𝑓𝑜y

v

y

 

Δ𝑃𝑖<�<8� = (𝐶𝑜𝑒𝑓_𝑃𝑖 − 1) 

Δ𝜂<�<8� =�Δ𝜂y

v

y

 

 Handling bleed valve deformation model  
The goal of this chapter is to explain the work realized on the development of a new HBV deformation model 
(MR), its validation and its use within the software. A comparison was also performed between the new model 
(MR) and another one previously used (AM). 

 Presentation of the previous model (AM) 
The deformation model « AM » uses a compressor map without HBV opening, and distinguishes several parts 
of the map, as shown in the Figure 27: 

• The surge line; 
• The blockage “line” (WR = f(PCNR)), 
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• The operating points between the two lines. 

 
Figure 27: Illustration for the AM model 

The first two lines are separately deformed, and then the operating points are deformed using specific factors 
and adders based on calculations done at the surge and blockage line. For the efficiency deformation, this model 
uses an adder as a function of the bleed and the reduced speed. 

4.1.1 Surge line deformation 

As P3Q28 represents the pressure ratio of the total pressures at the outlet and the inlet of the centrifugal 
compressor, and for a bleed WB29Q, the deformed pressure ratio is defined as: 

𝑃3𝑄28S% = 𝑃3𝑄28�% × 𝑆𝑃𝑄𝑆28𝐵𝐿 

𝐾𝑝S% = 𝐾𝑝�% × (𝐴 + 𝐵 ×WB29Q + 𝐶 ×WB29Q × 𝑃𝐶𝑁28𝑅) 

𝑺𝑷𝑸𝑺𝟐𝟖𝑩𝑳 = 𝐴 + 𝐵 ×WB29Q + 𝐶 ×WB29Q × 𝑃𝐶𝑁28𝑅 100¡  

As Kp is the surge margin, its effects on the surge mass flow is defined as below: 

𝑺𝑾𝑺𝟐𝟖𝑩𝑳 = 𝑆𝑃𝑄28𝐵𝐿 £𝐴 + 𝐵 ×WB29Q + 𝐶 ×WB29Q × 𝑃𝐶𝑁28𝑅 100¡ ¤⁄  

4.1.2 Blockage “line” deformation 

Any HBV deformation on the blockage “line” is defined as below: 

𝑊28𝑅S% = 𝑊28𝑅�% × 𝑆𝑊𝐶28𝐵𝐿 

𝑃3𝑄28S% = 𝑃3𝑄28�%  

For a percentage of bleed air, the deformation model AM assumes a constant pressure ratio. The blockage line 
will be deformed with a “horizontal” deformation with respect to the compressor map, and: 

𝑺𝑷𝑸𝑪𝟐𝟖𝑩𝑳 = 1 

The deformed blockage mass flow is calculated through a factor SWC28BL, defined as: 

𝑺𝑾𝑪𝟐𝟖𝑩𝑳 = 𝐴 + 𝐵 ×WB29Q + 𝐶 ×WB29Q × 𝑃𝐶𝑁28𝑅 100¡  

4.1.3 Isentropic efficiency deformation 

The isentropic efficiency is deformed with linear relations that vary with the percentage of bleed air: 

𝐸3𝐷28S% = 𝐸3𝐷28�% + 𝐷𝐸𝐷28𝐵𝐿 

The adder DED28BL is defined in two different ways: 
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• For a percentages of bleed air WB29Qbetween 0 and 10%: 

𝑫𝑬𝑫𝟐𝟖𝑩𝑳 = £𝐴 + 𝐵 × 𝐺𝑊29 + 𝐶 × 𝐺𝑊29 × 𝑃𝐶𝑁28𝑅 100¡ ¤ 100⁄  

• For percentages of bleed air GW29 above 10%: 

𝑫𝑬𝑫𝟐𝟖𝑩𝑳
= £𝐴 + 𝐵 ×WB29Q + 𝐶 ×WB29Q × 𝑃𝐶𝑁28𝑅 100¡ + 𝐷 ×WB29Q> + 𝐸 ×WB29Q> × 𝑃𝐶𝑁28𝑅¤ 100⁄  

4.1.4 Pressure ratio and mass flow deformations for operating points 

For any bleed air WB29Q, the deformations in reduced mass flow W28R and pressure ratio P3Q28 are 
summarized below: 

• 𝑊28𝑅ª«{�x¬«ª = 𝑆𝑊𝑅28𝐵𝐿 ×𝑊28𝑅8®« + 𝐷𝑊𝑅28𝐵𝐿 
• 𝑃3𝑄28ª«{�x¬«ª = 𝑆𝑃𝑄28𝐵𝐿 × (𝑃3𝑄288®« − 1) + 1 + 𝐷𝑃𝑄28𝐵𝐿 

With: 

• Mass flow factor: SWR28BL = (WCB28N * SWC28BL - WSB28N * SWS28BL) / (WCB28N - WSB28N) 

• Mass flow adder: DWR28BL = WCB28N * (SWC28BL - SWR28BL) 

• Pressure ratio factor: SPQ28BL = (PCB28N - PSB28N * SPSQ28BL) / (PCB28N - PSB28N) 

• Pressure ratio factor: DPQ28BL = PCB28N * (1. - SPQ28BL) + SPQ28BL – 1 

 

Where WCB28N and WSB28N are respectively the reduced mass flow at blockage and at surge, and PCB28N 
and PSB28N are respectively the pressure ratio at blockage and at surge. 

4.1.5 Model (AM) validation 

A validation of the previously used model AM was done to insure there was not any implementation error. The 
following procedure was done: 

• Identify the compressor map of the high-pressure compressor without any bleed air (WB29Q=0); 
• Identify all the rotational regimes; 
• For each iso-regime line: 

o At surge: 
§ Identify the pressure ratio PSB28N, the reduced mass flow WSB28N; 
§ Calculate the deformation factor SPQS28BL and SWS28BL; 
§ Calculate the surge point deformed for the bleed air considered WB29Q; 

o At blockage: 
§ Identify the pressure ratio PCB28N, the reduced mass flow WCB28N; 
§ Calculate the deformation factor SPQC28BL(=1) and SWC28BL; 
§ Calculate the blockage point deformed for the bleed air considered WB29Q; 

o For any operating point of the rotational line: 
§ Calculate the deformation coefficients for the pressure ratio SPQ28BL and DPQ28BL; 
§ Calculate the deformation coefficients for the reduced mass flow SWR28BL and 

DWR28BL; 
§ Calculate the deformed point associated with the bleed air WB29Q; 

o Calculate the efficiency adder and the efficiency deformation. 

In order to compare the deformation model AM and the new deformation that will be presented below, new 
deformation factors have to be introduced: 
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𝑆𝑃𝑄28𝐼∗ =
𝑃3𝑄28ª«{�x¬«ª
𝑃3𝑄288®«

 

𝑆𝑊28𝑅𝐼∗ =
𝑊28𝑅ª«{�x¬«ª
𝑊28𝑅8®«

 

 
Figure 28: HPC map deformed using the AM model for a considered WB29Q mass flow 

 
Figure 29: Modeling efficiency using the AM model (red) and data points (black) 

The Figure 28 illustrates for a sampling GW29 given, the compressor map from the data test in black. Red dots 
represent the surge points deformed from the initial compressor map, the green the deformed blockage points, 
and the purple the deformed operating points. The Figure 29 shows the efficiency curves for two different 
reduced speeds for the same bleed air.  

Confidential content deleted 

Confidential content deleted 
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Figure 30: HPC base and deformed maps using the AM model by a considered WB29Q sampling 

Finally the Figure 30 is presenting the compressor performance map for three reduced speeds, the impact of 
the bleed air with respect to the map without any bleed air (blue). For a given operating point, opening the 
HBV results of a shift to the upper-right within the compressor map. It can be seen from these two figures that 
the AM model is quite accurate with respect to the test data. The problem is the model needs at any times the 
compressor map without any bleed mass flow and data at surge and blockages points for each rotational speeds. 

 HBV deformation model by polynomial approach 
A third order polynomial approach was used to build this HBV deformation model. Two models were built 
using this approach, the first one “M1” (stands for model one) used all the experiences of the design of 
experiments, and another “MR” (stands for reduced model) where restrictions were applied on the experiences 
to exclude some of the experiences. 

4.2.1 Model and design of experiments (DOE) 

The DOE represents all the operating points (in terms of PCN28R, PI/D, WB29Q) got from test campaigns. 
This design can be represented in 3D curves with respect to the pressure ratio P3Q28 and the efficiency E3D28. 
The HBV model is therefore working on a specific domain and delimited by these test campaigns. The goal is 
to express the pressure ratio and the efficiency as below: 

𝑃3𝑄28@��° = 𝑓C(𝑃𝐶𝑁28𝑅, 𝑃𝐼/𝐷,𝑊𝐵29𝑄) 

𝐸3𝐷28@��° = 𝑓>(𝑃𝐶𝑁28𝑅, 𝑃𝐼/𝐷,𝑊𝐵29𝑄) 

Where 𝑓C and 𝑓> are two third order polynomial functions using a total of 30 terms, written as: 

𝑓y: (𝑥, 𝑦, 𝑧) → 𝑎y + 𝑏y × 𝑥 + 𝑐y × 𝑦 + 𝑑y × 𝑧 + 𝑒y × 𝑥> + 𝑓y × 𝑥> × 𝑦 + 𝑔y × 𝑥> × 𝑧 + ⋯ 

The previous writing allows to evaluate any 𝑃3𝑄28@��°  and 𝐸3𝐷28@��° and compare these values with the 
reference values 𝑃3𝑄28 and 𝐸3𝐷28 from the test campaigns as long as the operating points are within the 
DOE. The same procedure is also possible to evaluate any HBV effect. At fixed reduced regime PCN28R and 
PI/D, it could be possible to calculate: 

𝑃3𝑄28@��°(𝑊𝐵29𝑄) = 𝑓C(𝑃𝐶𝑁28𝑅, 𝑃𝐼/𝐷,𝑊𝐵29𝑄) 

𝑃3𝑄28@��°(𝑊𝐵29𝑄 = 0) = 𝑓C(𝑃𝐶𝑁28𝑅, 𝑃𝐼/𝐷,𝑊𝐵29𝑄 = 0) 

Confidential content deleted 
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And then, compare the direct impact of the bleed air on the pressure ratio at the same operating point. This 
could also be done for the efficiency. 

  
Figure 31: 3D map of a compressor (P3Q28 and E3D28, from Optimus) 

𝑓C and 𝑓> were obtained using the Noesis Solutions Optimus software. The above Figure 31 represents a 
compressor map in P3Q28 on the left and in E3D28 on the right for a given WB29Q, the x-axis is the PCN28R 
and the y-axis the PI/D, for a given WB29Q. From these figures it seems clear that operating points near 
blockage would be difficult to model using a third order polynomial approach because of the low PI/D values. 
Two models M1 and MR based on the complete design of experiments and another design of experiments 
using restrictions on the experiments are compared in Appendix n°2, where maps P3Q28(PI/D, PCN28R) and 
E3D28(PI/D, PCN28R) are presented for a given WB29Q. 

4.2.2 Model setting on Optimus 

The model was obtained using a “Taylor” definition on Optimus, with “Cubic” third order model. It will allow 
to approach test figures of P3Q28 and E3D28 thank to two third order polynomials using the parameters 
(PCN28R, PI/D, and WB29Q). By adding an order to the modeling, (third order instead of second order), the 
model should be more accurate near blockage and near surge points since these points look more problematic 
to model. The Least Squares method allow to minimize the errors for each points within the experience design. 

 
Figure 32: Model construction on Optimus (1) 

Using this model, it should require at least twenty experiences to set the polynomial approach because of the 
number of used coefficients. Some experiences can be rejected directly on Optimus thanks to the “Reject” 
function in “Model Terms”.  
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4.2.3 Restriction of the DOE 

Some restrictions on the experience design had to be made, are concerned: 

• The experiences with a too low and too high reduced rotational speed PCN28R; 
• The experiences with a too high bleed air WB29Q; 
• The experiences too close to the blockage with a PI/D too low. 

These restrictions were mainly made to refocus the work of the study on a specific operating range of the 
engine, also more interesting for internal needs.  

The experiences design consequently reduced allowed to build the reduced model (MR). Based on the test data 
composed of 300 experiences, only 197 experiences (points PCN28R, PI/D and WB29Q) were kept for the 
modeling. 

 
Figure 33: P3Q28=f(W28R) with the conditions on the DOE 

The above Figure 33 shows the DOE of the HPC in P3Q28=f(W28R). The dots represent all the experiences 
from the test campaigns. The yellow dots correspond to the experiences with the PCN28R restriction, the 
orange the experiences with the PI/D restriction and finally the gray ones the WB29Q restriction. In 
conclusion, the blue dots correspond to all the other points left, which all are in the reduced experiences design 
for the MR model. The restrictions of the experience design can also be seen in the Figure 34 for all the 
efficiency curves E3D28=f(W28R) for all the bleed air. 
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Figure 34: E3D28=f(W28R) with the condition on the DOE 

By removing some experiences presenting difficulties for being approached, for example points near blockage  
which have a narrow slope in P3Q28=f(W28R) figure, the reduced model (MR) should be more accurate in the 
reduced experiences design using the exclusion conditions. 

4.2.4 Implementation of the model 

The stacking software was developed in Python in way it is possible to add a lot of features when needed. 
Adding a deformation model to the modeling imply to create a specific python file and each deformation has 
its own class. The procedure written in Python was to: 

1. Get all the needed parameters PCN28R, PI/D and WB29Q from the calculated point; 
2. Compute the polynomial values P3Q28 and E3D28 with a bleed air WB29Q set at zero to get 

the references points; 
3. Compute the polynomial values P3Q28 and E3D28 with the required WB29Q; 
4. Set the alarm restrictions to stop the computation if the study point was out of the DOE using 

“if” loops; 
5. Compute the deformation coefficients SP3Q28, SW28R and DE3E28 and add them on the 

deformation dictionary. 

A specific work of understanding how the software was written was done, and significant amount of time was 
necessary to implement the new model into the software. 

4.2.5 Validation of the model 

Some criteria can be used to certify the Optimus model and validate its results on the original experiences 
design (M1) and the reduced one (MR). 

• Correlation coefficients 𝑅> 

In Figure 35 are presented on the right results for the model M1 and on the left results for the model MR of 
the correlation coefficients	𝑅>, 𝑅8ª6> , 𝑅@x«®®> , for the polynomial P3Q28 in blue and for E3D28 in orange. These 
coefficients are directly extracted from Optimus. 𝑅8ª6>  corresponds to the linear regression coefficient when 
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taking into account the number of terms of the DOE, and is always lower than 𝑅>. Finally 𝑅@x«®®>  relates the 
prediction capacity of the model (what happens to the model when one experience is arbitrary deleted). 

From the results presented in Figure 35, conclusions can be drawn that the model MR should probably be 
more accurate for experiences inside the experiences design, but could be less predictive in efficiency outside 
the reduced experiences design.  

 
Figure 35: Correlation coefficients for M1 and MR 

• Scatter of the results from test values on the reduced DOE 

The scatter of the two models is presented in Figure 36, and shows the differences between the calculated 
values in the y-axis and the data values in the x-axis. In conclusion, even if both models scatter a little, the MR 
model seems to have the less scattered values on the reduced experiences design. Improved precision is 
obtained using the MR model compared to the M1. 

 
Figure 36: Efficiency scatter for M1 and MR models on the reduced DOE 

R2 R2ADJ R2PRESS R2 R2ADJ R2PRESS

M1                                                            MR                                     

P3Q28 E3D28
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Figure 37: Pressure ratio scatter for M1 and MR models on the reduced DOE 

• Relative difference between calculated and test data on the reduced DOE 

 
Figure 38: Relative differences for M1 and MR model on reduced DOE 

The relative difference in pressure ratio P3Q28 for example, is calculated using the following relation: 

𝐸%(𝑃3𝑄28) =
𝑃3𝑄28<«®< − 𝑃3𝑄28¬�ª«�

𝑃3𝑄28<«®<
 

From Figure 38, the weaknesses of the model are highlighted: as the rotational shaft speed lines of the HPC 
are close to the horizontal near surge, or close to the vertical near blockage, it is very difficult to calculate the 
desired values with a third order polynomial approach: at the lower and higher PI/D values the errors are the 
higher. It could also be observed nonetheless the relative differences in P3Q28 of the reduced model MR are 
in general lower than the M1 on all the reduced experiences design. 
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Figure 39: Ecarts relatifs en E3D28 sur plan d'expérience réduit (MR bleu, M1 orange) 

The same conclusions can be drawn regarding the relative differences in efficiency E3D28 as presented in the 
Figure 39, the reduced model MR is more accurate in the overall reduced design. The reduced model MR 
should be preferable for the future study if the tested points are included in the reduced experiences design in 
PCN28R, PI/D and WB29Q. More relative errors were calculated and presented in Appendix n°3 where 
excluded points from the experience design were considered : in summary the MR model is not able to calculate 
within the required precision the points excluded from the experience design. 

 
Figure 40: P3Q28=f(W28R) with data from : tests, M1 and MR 

All the experiences are presented in Figure 40 in P3Q28(W28R) for tests data, calculated results using M1 and 
calculated results using MR, all experiences are included in the reduced experiences design. In overall, the model 
MR should approach the test results with accuracy as long as experiences stay within the design not too close 
the surge and blockage zones. 
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The idea is then to use the calculated data with the MR model for a given HBV mass flow WB29Q for specific 
operating point and try to quantify its impacts on the performances. 

4.2.6 Deformation coefficients calculation for the reduced model 

Using the reduced model MR, deformation coefficients for P3Q28, W28R and E3D28 can be calculated for 
any bleed mass flow 𝑊𝐵29𝑄 = 𝑥%, and are expressed as following: 

𝑆𝑃3𝑄28𝑀𝑅 =
𝑃3𝑄28@��°(𝑊𝐵29𝑄 = 𝑥%)
𝑃3𝑄28@��°(𝑊𝐵29𝑄 = 0%)

 

𝑆𝑊28𝑅𝑀𝑅 = 𝑆𝑃𝑄28𝑀𝑅 

𝐷𝐸3𝐷28𝑀𝑅 = 	𝐸3𝐷28@��°(𝑊𝐵29𝑄 = 𝑥%) − 𝐸3𝐷28@��°(𝑊𝐵29𝑄 = 0%) 

These deformation represent directly the impact of any bleed air effect on the compressor map. For any 
operating point included in the experience design it is possible to quantify any impact of bleed phenomenon. 
It is also noticeable the model is assuming an iso-PI/D deformation, which means deformations on reduced 
mass flow and pressure ratio are the same. The first coefficients are called factors, and the last one adder.  

 First results and comparison of the models 

4.3.1 Deformation direction 

First of all, the direction of deformations of the models AM and MR can be compared. This information is 
needed because it will be required for the stacking procedure. The values in the base compressor map are 
used (PQB28, WRB28, EDB28), which means values of the points without any deformation considered, and 
then applied the deformation coefficients SPQ28MR, SW28RMR, DE3D28MR to get the deformed points 
seen by the reduced model, and applied the other coefficients for the previous model AM. 

 
Figure 41: Deformation directions presented in P3Q28=f(W28R) 
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Figure 42: Deformation directions presented in P3Q28=f(PI/D) 

The Figure 41 presents the points calculated for the different models in view of P3Q28=f(W28R) and the 
Figure 42 in a view of P3Q28=f(PI/D), with: 

• In blue the data in the base compressor map PQB28 without any deformation model; 
• In yellow the calculated data P3Q28MR using the model MR; 
• In black the calculated data P3Q28AM using the model AM; 
• In orange the previously data given to be verified, P3Q28AME; 

Several conclusions can be made: 

• Data expressed in P3Q28AM and P3Q28AME coincide: the model AM was implemented without 
error made; 

• The deformation directions of the model MR are at iso-PI/D with respect to the values at based 
conditions as assumed previously; 

• The deformation directions of the model AM are very different compared to the model MR. 
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Figure 43: Deformation directions presented in E3D28=f(W28R) 

 
Figure 44: Deformation directions presented in E3D28=f(PI/D) 

 Modeling of an engine configuration 
The software was used on a specific engine configuration, associated with a tested engine. After several 
deformation models were implemented, a first comparison of the computed results was done with respect to 
the test campaign data, where no internal bleed was concerned. A first calibration was done on this base to 
include the uncertainties of modeling. Another data set was then chosen where there were internal bleeds with 
a WB29Q non equal to zero with the previous modeling, and the HBV deformation model was added to 
decrease the uncertainties of the computation. 
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Figure 45: Compressor of the study 

The above Figure shows a schematic view of the compressor of the study. It is composed of two elementary 
compressors, one axial and one centrifugal. When doing stacking computations, a pressure loss between the 
outlet of the axial compressor and the inlet of the centrifugal compressor was included in the modeling. 

 Calibration function 

5.1.1 Base compressor map and modeling setup 

A specific engine configuration called “A” associated with some assumptions during the test campaigns allowed 
to build the base compressor performance map of the axial and centrifugal compressors of the study. These 
assumptions include for example specific conditions of temperature and pressure measurements at the inlet 
and the outlet of the compressor (probes, calculation methods, corrections ….). 

 
Figure 46: Example of a base compressor map in P27Q25=f(W25R) 

Figure 46 presents in black curves several regimes of rotation in a P27Q25=f(W25R) graphic, and in blue the 
different operating points extracted from a data set. One can remark that the data spread all over the 
compressor map for several low and high rotational speeds, some are closer to surge. Deformations models 
can then be used to include some phenomena involved within the engine such as: 

• Losses due to measurement probes; 
• Manufacturing deviations; 
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• Reynolds effects; 
• VSV effects; 
• Tip leakages effects within the axial and/or centrifugal compressor; 
• HBV effect within the centrifugal compressor; 
• Bleed air between the axial and centrifugal compressors; 
• Pressures loses between the axial and centrifugal compressors; 

All the characteristics of the compressor are specified in the software by provided the corresponding labels to 
the software.  

 Calibration unknowns and calibration law 
First, a calibration computation was done on the data set with no internal bleed within the centrifugal 
compressor to build a calibration law that was used on another data set with an internal bleed air. The HBV 
model MR previously introduced was added to the modeling and it should provide more accurate results. 

5.2.1 Axial part 

With a first calibration calculation, the unknowns between the modeling and the test data can be measured, and 
theses unknowns are plotted with the rotational regime on the Figures presented below: 

 
Figure 47: Unknowns calculated for the axial part 

On the right are presented the unknowns in efficiency plotted in E27D25=f(PCN25R) and on the left in 
pressure ratio P27Q25=f(PCN25R) for the axial part. Red dots are corresponding to the unknowns calculated 
from the operating points using the software. Basically the origins of the y-axis are 1 for the factors in pressure 
ratio and 0 for the adder in efficiency. These unknowns are indicators of what the modeling is missing and how 
fare are the modeled results to the test data. From these unknowns, it is then possible to create a calibration 
law that will include these unknowns in the software for future calculations. By doing so, we know the 
computed uncertainties, and will be included for the future calculations. It is clear that at low regimes the 
deformations models used are less accurate than results at higher regimes. A specific work within the team was 
done to understand their origins and reduce their impacts on the performances. 
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Figure 48: Calibrated unknowns for the axial part 

The above Figure gathers the unknowns in efficiency and in pressure ratio before the calibration in red and 
after the calibration law was included in the modeling in green for the axial compressor. Few uncertainties 
remain after the calibration, mainly caused because the law has to be the closer to all the points. Conclusions 
can be drawn that the calibration law for the axial part increases the accuracy of the overall modeling by 
decreasing all the uncertainties both in efficiency and in pressure ratio results (adders goes to 0 and factors to 
1).  

5.2.2 Centrifugal part 

The same work was done on the centrifugal part: 

 
Figure 49: Unknowns calculated for the centrifugal part 

The same unknowns can be presented for the centrifugal part of the main compressor on the Figure above. It 
is noticeable that the behavior of the unknowns both in pressure ratio and efficiency are not exactly the same 
than the axial one previously shown. One can remark some operating points are duplicated and the calibration 
law in black was built to be the closer to all the points. 
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Figure 50: Calibrated unknowns for the centrifugal part 

The formulation of the calibration law for the centrifugal part is completely independent of the axial one. As 
intended, the goal of reducing the unknowns between the model results and the test one is reached. The factors 
tend in overall to 1 and the adders to 0, the scales are the same for the axial and the centrifugal compressors. 
In the previous figures are shown the green dots representing the unknowns using the calibration law are closer 
to the x-axis than the red dots, the red one without calibration. 

 Stacking function 
After the two compressors were calibrated separately using the calibration function, it is possible to start the 
stacking calculations using the previous deformation models and their corresponding calibration laws. Stacking 
results should verify that the modeling calculates faultlessly the operating points of the compressor 1 and 
compressor 2 by constraining the operating point of the complete compressor with the inlet and outlet 
conditions. From the methodology previously explained, an iterative parameter has to be chosen for the 
stacking procedure. For the below results, the (PI/D)C	of the first compressor was chosen for the iterative 
parameter, and the target parameter was the PI/D of the complete compressor. 
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Figure 51: Stacking unknowns after calibration for the axial part 

 

 
Figure 52: Stacking unknowns after calibration for centrifugal part 

Figure 51 and Figure 52 gather stacking unknown results both for axial and centrifugal parts, regarding the 
pressure ratio, reduced mass flow, and isentropic efficiency unknowns calculated between the model results 
and the test data (resp. SP27Q25, SW25R, DE27D25, SP3Q28, SW28R and DE3D28). The scale of the y-axis 
is the same than the one used for the calibration figures. In general the results are very good because they match 
the previous one from the calibration function, which means assumptions made for the stacking computation 
are correct. 

 HBV calibration calculations 
After creating the previously presented two calibration laws for the axial and the centrifugal parts, another set 
of data can be used where the previous modeling is still active, and where there is an internal bleed air within 
the centrifugal part (WB29Q is non equal to zero). The goal is double:  
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• To ensure the previously calibration law are still confirmed on this new data set; 
• To ensure the HBV models reduce the unknowns and the deformation factors between models and 

tests.  

Figures presented below display the unknowns in factors in pressure ratio and reduced mass flow, and adder 
in efficiency for the centrifugal part.  

 
Figure 53: Calibration results presented in SP3Q28=f(PCN28R) 

 
Figure 54: Calibration results presented in DE3D28=f(PCN28R) 

 
Figure 55: Calibration results presented in SW28R=f(PCN28R) 

The above Figure 53, Figure 54, Figure 55 gather the calibration unknowns model/test for the centrifugal 
compressor in SP3Q28, DE3D28 and SW28R respectively. Three different data sets are presented, in red 
correspond the points where no HBV model is considered, green the MR model is added, and blue the AM 
model is considered. 
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Conclusions can be drawn from these figures: first of all unknowns in reduced mass flow SW28R and pressure 
ratio SP3Q28 are noticeable the same using the MR model, and the unknowns in pressure ratio are almost 
unchanged using the AM model, as assumed. Results are very acceptable regarding the MR model, it decreases 
drastically the unknowns with the test data.  

This work was also performed on another engine configuration « B » associated with another test campaign, 
and similar results were found, validating the approach of modeling and the stated assumptions. 

 Results overview 
Calibration calculations were made on a specific engine configuration « A » and proposed convincing results. 
There are still some modeling uncertainties between calculated results via the calibration function and the test 
campaign data. The calibration law allows to include these unknowns into future modeling for each elementary 
compressor, and stacking calculations validated the two calibration laws previously built by imposing the 
operating point of the complete compressor for specific points. Uncertainties can always be noticeable between 
the modeling results and the test data for many reasons: some phenomena involved are not included in the 
modeling, the deformations models used may not be totally accurate, and the calibration law is not absolutely 
perfect. 

 Conclusion 
All the work performed during the thesis is part of a modeling and designing approach. The calibration and 
stacking calculations obtained thanks to the software confirmed the several assumptions made on the base 
compressor maps and the different deformations models of the team. The work was focused on the modeling 
of a specific deformation within the centrifugal compressor: a bleed air mass flow impacting the overall 
performances of the compressor. This deformation was included correctly in the modeling via a new 
deformation model, answering internal dilemma of the engineering team. 

From an engine configuration “A” of an axial-centrifugal compressor, calibration calculations lead to calibration 
law for each elementary compressor, which were then validated during stacking computations. The HBV model 
was then created using Optimus software, validated on Excel and compared to another previously used model 
(AM). Its implementation within the Stacking software shown encouraging results: when using the model 
during calibration calculations, unknowns between model/test data were significantly decreased as long as the 
selected operating points were inside the experience design of the model. Differences with the previous model 
might hold back the team of using directly the new model and more insights need to be developed. 

Other lines of work could be considered. Because the software was developed in Python, other deformation 
models can be thought and added to the modeling. During the thesis in particular, a coding work was done to 
include a leaking mass flow between the outlet of the axial compressor and the inlet of the centrifugal 
compressor. The accuracy of the modeling could be increased through new models such as one including the 
impact on the flow of measurement probes. Finally, the HBV model was built using a third order Taylor 
approach, another model could be chosen such as response surface modeling using the Optimus software. 
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Appendix 1 – Calculation 
• Standard conditions: 

o 𝑃�	: standard pressure = 1.01325bar; 
o 𝑇�	: standard pressure = 288.15K; 

 
• Pressure ratio : 𝑃𝑖 = π = º»

º¼
  

With:  
o 𝑃>	: outlet total pressure; 
o 𝑃C	: inlet total pressure; 

• Reduced mass flow: 𝑊𝑅 =
½	¾ ¿

¿À
Á
ÁÀ

	; 

With: 𝑊 =	�̇� the mass flow [kg/s]; 
• Percentage of reduced regime : 𝑃𝐶𝑁𝑅 = Âb

ÂbÃ¾ ¿
¿À

; 

• Surge margin	𝐾@ , defined at constant rotational speed : 𝐾@ =
Ä̇
Å

�Ä̇Å�
− 1; 

 
Figure 56: Surge margin illustration 

• Reynolds number: 𝑅𝑒 = ÆÇÃ
È
= ÇÃ

É
= ½w

ÊÈ
  

With: 
o 𝑈: Characteristic fluid velocity [m/s]; 
o 𝐷: Characteristic length [m]; 
o 𝜇: Dynamic viscosity [kg/(m.s)]; 
o 𝜈: Cinematic viscosity [m²/s]; 
o 𝑊: Mass flow [kg/s]; 
o 𝐴: Cross section [m²]. 

• RNI calculation: 

The Reynolds index is written as: 

𝑅𝑁𝐼 =
𝑃 × 10m × (𝑇 + 110.4)

403.8 × 10m × � 𝑇
288.15�

> =
𝑃 × (𝑇 + 110.4)
486.3277 × 𝑇>

 

With: 
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o P total pressure [bar] ; 
o T total temperature [K] ; 

The following Sutherland law defines the dynamic viscosity as a function of the static temperature for a given 
reference point: 

𝜇
𝜇x«{

=
f 𝑇
𝑇x«{

g
Ì
> Í𝑇x«{ + 𝑆Î

𝑇 + 𝑆
	 

With	𝑆 = 110.4𝐾 and 𝜇x«{  the corresponding viscosity. By assuming total and static temperatures are 
equivalent, and by assuming a reduced mass flow 𝑊Ï, from standard conditions  𝑇®<ª = 288.15𝐾 and 𝑃®<ª =
101	𝑘𝑃𝑎: 

𝑊Ï = 𝑊
𝑃
𝑃®<ª

×
1

¾ 𝑇
𝑇®<ª

 

𝑅𝑒 =
𝑐C

𝐴𝜇®<ª
×

𝑃
𝑃®<ª

× f
𝑇®<ª
𝑇
g
>

×
𝑇 + 𝑆

𝑇x«{ + 𝑆	
×𝑊Ï 

Where 𝑐C and 𝐴	are respectively the chord and the crossed section, finally the Reynolds number can be written 
as: 

𝑅𝑒 = 𝑘	 × 𝑅𝑁𝐼	 ×𝑊Ï 

Where 𝑘	is a constant depending on the geometric configuration of the engine and of the standard Sutherland 
viscosity with: 

𝑘 =
𝑐

𝐴𝜇®<ª
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Appendix 2 – 3D maps for the M1 and MR model 
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Appendix 3 – Pressure ratio relative errors for the M1 and 
MR models using the points excluded from the 
experience design 

The Figures presented below show all the relative errors in pressure ratio (y-axis) with respect to PI/D (x-axis). 
There are respectively figures on the points excluded with the PI/D condition, the WB28Q condition, and the 
PCN28R condition. Results show a clear trend the MR model is not able to compute with a sufficient reduced 
error the operating points 

 

 



-51- 
 

 
 

  



-52- 
 

 

 

Bibliography 
 

[1]  Vogt, "Turbomachinery for Compressible Fluids, KTH Lecture Notes, MJ2429/MJ2241".  

[2]  Wiesner, "A New Appraisal of Reynolds Number Effects on Centrifugal Compresseur Performance," The 
American Society of Mechanical Engineers (ASME), 1979.  

[3]  Carter, "The Effect of Reynolds Number on the Performance of a single-stage compressor," Ministry of 
Aviation, 1960.  

[4]  Casey, "The Effects of Reynolds Number on the Efficiency of Centrifugal Compressor Stages," Journal of 
Engineering for Gas Turbines and Power, ASME, 1985.  

[5]  Kozu, "Reynolds number effects on the performance of a turbofan engine," The American Society of 
Mechanical Engineers (ASME), 1989.  

[6]  Vogt, "KTH Lecture Notes on Materials, MJ2430 / MJ2244".  

[7]  Zheng, "Influence of tip clearance on the performance and matching of multistage axial compressors," 
The American Society of Mechanical Engineers (ASME), 2016.  

[8]  Bernadier, "The Effects of Tip Leakage Flow on the Performance of Multistage Compressors Used in 
Small Core Engine Applications," Journal of Engineering for Gas Turbines and Power, The American Society of 
Mechanical Engineers (ASME), 2016.  

[9]  Bolemant, "An alternative compressor modeling method within gas turbine performance simulations," 
Deutscher Luft- und Raumfahrtkongress, 2014.  

[10]  Sutherland, "The viscosity of gases and molecular force," Philosophical Magazine, no. S.5 36, pp. 507-531, 
1893.  

 

 

 


