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Abstract 
Aerodynamics studies in a booster such as analysis of the flow through the whole component or study of 
local turbulent phenomenon constitute a crucial part of its development in order to get better overall 
performances, like efficiency of the compressor and compression ratio. In order to put in perspective the 
computational predictions, it is critical to obtain sets of data from tests to caliber numerical analyses and to 
assure the booster respects design specifications. Aerodynamics testing is then an important part of the 
development of a compressor. 

However, it is complicated to obtain such values for many reasons: time constraints, problems regarding 
support, important costs etc. Thus, it is important to get as much information as possible from these tests 
data in a limited period in order to spend more time in results interpretation and less in treating raw data. 
Thus, an optimized tool of treatment  to first deduce results from test data; and then to compare different 
engines or different sets of tests data, to get a wider state of the art and to avoid time-consuming analyses 
was needed. 

In order to do so, the first part of the development consists in investigating the existing methods to extract 
and analyze data from tests already used, and then deducing a general methodology to obtain from raw 
measures the performances of the studied booster compared to other available data. 

Once the methods have been set up and validated, the tool in itself was implemented in a practical way. 
Then, it was important to validate it on real tests values and to observe if it was adjustable for all kind of 
aerodynamics tests. 

Keywords: Low pressure compressor, Post-testing methodology, Compressor map, Performances analysis, 
Tool development 
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Sammanfattning 
Aerodynamikstudier i en booster som analys av flödet genom hela komponenten eller studie av lokal 
turbulens fenomen utgör en avgörande del av dess utveckling för att få bättre generella prestanda, som 
kompressorns verkningsgrad och kompressionsförhållandet. För att sätta beräkningsresultat i perspektiv är 
det kritisk att få datauppsättningar från tester för att kalibrera de numeriska analyser och för att säkerställa 
att booster uppfyller konstruktionsspecifikationer. Aerodynamisk provning är då en viktig del av 
utvecklingen av en kompressor. 

Det är dock komplicerat att få sådana värden av många skäl: tidsbegränsningar, problem angående support, 
viktiga kostnader osv. Därför är det viktigt att få så mycket information som möjligt från provdata under en 
begränsad period för att tillbringa mer tid i resultat tolkning och mindre tid på att behandla rådata. Således 
ett optimerat behandlingsverktyg för att först dra resultat från provdata; och sedan att jämföra olika motorer 
eller olika uppsättningar av provdata, för att få en bredare databank och att undvika tidskrävande analyser 
behövdes. 

För att göra det består den första delen av utvecklingen i att undersöka de befintliga metoderna för att 
extrahera och analysera data från tester som redan använts, och sedan dra ut en allmän metod för att från 
råa mått erhålla prestandan hos den studerade boosteren jämfört med andra tillgängliga data. 

När metoderna har installerats och validerats implementerades verktyget i sig på ett praktiskt sätt. Då var 
det viktigt att validera det på verkliga testvärden och att se om det var justerbart för alla typer av 
aerodynamiska test. 

Nyckelord: Lågtryckskompressor, Efterprövningsmetodik, Kompressorkarta, Prestandasanalys, 
Verktygsutveckling  
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1 Introduction 
 

1.1 Context of the project 
 

1.1.1 Theoretical background: Aero-Boosters 

 

Booster also known as the low-pressure compressor is a part of an engine that takes the ambient air, already 
mixed by the fan, to give it a first rise in pressure before coming into the high-pressure compressor. It results 
in a boost in the thrust explaining its name. 

It is located behind the fan, taking the primary airflow. The low-pressure turbine assures its rotation, so it 
is located on the same shaft, which can also often directly drive the fan[1][6]. However, there can be some 
gearbox to allow lower fan rotational speeds and higher compressor speed. These are the transonic 
boosters[2][6]. 

There are two kinds of boosters, which are indeed the two kinds of compressors: axial or centrifugal. From 
the Euler theorem (Equation 1), we can derive the main difference between both: a centrifugal booster is 
increasing the radius, thus increasing the blade speed u to increase the enthalpy[3], while the axial one is 
deviating the flux increasing absolute speed component vθ to increase the enthalpy[4]. 

∆ℎ ∆ 𝑢𝑣  

Equation 1: Euler theorem 

The boosters studied were axial ones. The absolute velocity increases for a stage of rotors. Then, a stage of 
stators converts this increase in speed into an increase in static pressure and redirect the flow axially avoiding 
high incidences on the following part[4]. This combination of a stage of rotors with a stage of stators is 
repeated in an accumulation of stages in order to get the desired rise in pressure. 

Another important aspect of the study of the boosters and turbofans in general is the operability, to know 
at what conditions a booster can be used. It is readable on a pressure ratio versus mass flow diagram, also 
called booster map. At low mass flow, there is a risk of surge, where the flow can go backwards, and cause 
damages to the engine. This area is avoided and the surge line limits it on a booster map[5]. This state can be 
reached during transient speeds. Then, there is a line giving the desired comportment of the booster at a 
given condition at a stabilized state. This is the operating line[6][7]. At high mass flow, there would be a 
geometrical limit, where the booster would choke. This phenomenon is designed through the choke line[5]. 
On the booster map, there are also iso-speed lines giving the evolution of the booster at a given rotational 
speed.  

In order to work within the limits of the booster map and stay close to the operating line, variable bleed 
valves are located in the intermediate casing beam in order to let the flow go to the bypass chamber if needed 
or to keep some air, depending on the phase of flight. For instance, this can result in extracting some primary 
flow, then the high pressure compressor can reach higher speeds, breathing more air, which stabilizes the 
booster[6]. These are changing the aerodynamic properties of the booster. 

 

1.1.2 Safran Aero Booster 

 

My project was conducted in collaboration with Safran Aero Booster (SAB) a company from Safran Group 
specialized in conceiving and manufacturing Boosters for Jet engines (turbofans) and cooperating with firms 
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like Safran Aircraft Engines and General Electric known for conceiving the overall engines. They have other 
activities as well like oil systems and space valves. 

The department I am working in is the aerodynamic department, which is part of the technical department. 
This department has an active part in the whole development of a booster from its conception to its 
maintenance phase with intermediate steps like certifications tests. This department is divided into two 
sections: Research and Technology section, which is working on numerical tools development and new 
technologies maturation and Development/Service in support section more focused on the all development 
product cycle, like design, certification, support, production and service. I was working with the latter one. 

 

1.2 Problem description 

1.2.1 Booster Tests 

 

Many tests are run on boosters for different reasons, at different stages of an engine development. 

Some tests are run in order to get the different booster mapping data, and thus giving the necessary data to 
analyze a test. This kind of tests are critical for the rest of a certification campaign as this gives most of the 
basic information that would be later used[8]. 

Other tests are run to get to verify if some specifications are realized by the booster[9]. For instance, one 
common test is to follow the operating line, by going through a large range of rotational speed speeds, at 
steady states, to study stabilized performances at a given state of flight. 

There can be as well some deterioration assessment tests, like after a phase of surge[10] as an example, in 
order to study the engine characteristics afterwards and quantify its impact on overall performances. 

There are some potential variations of settings between those tests, as some material can be replaced in 
order to study one particular aspect of the engine or the booster, thus altering significantly the performances 
measured[11]. 

There are also differences between tests running for the certifications of future engines and Research and 
Development tests about engines less advanced in their development. For the latter ones, there are wider 
range of measures since there is an interest in knowing all the stage values with an important precision. 

At last, these tests could be run either in flight or on ground, which has on influence on bounder 
conditions[12]. As well, according to the general atmospheric conditions, the performances of the booster 
would change. 

This gives a large variety of different sets for tests, which makes a common analysis difficult. 

 

1.2.2 Analysis problematic 

 

Given the different sets of tests and the different expectations from the motorists with whom Safran Aero 
Booster is working, a common analysis can appear complex. 

Once, tests have been run on a booster, there are many steps that should be followed.  

First, there should be a fault list, in order to determine if some sensors are out of order. Once these have 
been found, they should be suppressed and replaced using accurate interpolation methods, if it is considered 
necessary. 
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Then, using the measures, the parameters should be deduced using a post treatment method. This allows 
with the available data, to deduce all the common parameters, like pressure, temperature or mass flow at 
different stages of the booster. This method is also useful to correct diverse effect altering the measures like 
aerodynamic disturbances or humidity effects and have from a local measure a general performance value. 

With these suitable parameters, the analysis can begin. The main idea of an analysis is to bring back all the 
data to a common background, so it could be compared with other tests. The comparison consists in 
calculating the differences between two sets of performances that could seem reasonable, notably at same 
rotational speed. The comparison could use two sets of data on ground or in flight, but it could also quantify 
the effects of altitude on the booster. 

Finally, with these values, some conclusions can be made, regarding the deterioration, the use of different 
settings or other effects. This data can also be compared with similar analyses already performed. 

Some of these steps were uncorrelated and not automated which made a complete analysis a rather long 
process. In order to correct this, my work was to create a more efficient tool by implementing the methods 
that were the most accurate for a common analysis. 
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2 Method 
 

One important aspect of the design of the tool was to understand what aspects made the study of tests 
difficult or was slowing down a complete analysis of the data. Therefore, the first step was to understand 
the way an analysis was run, in order to identify the different steps that could be improved and then find 
solutions to these issues. Once all the methods were defined, the tool in itself was designed. 

 

2.1 Post-treatment chain 
 

The aim of this part was to identify each step of the process to come from raw measures to corrected data. 

First of all, the first verification that should be done on measures directly coming from tests is about the 
liability of these. For instance, some of the measures could suffer from a lack of sensibility of the sensors 
on the booster during the test. So, it is crucial to know how to treat these specific faulty data. 

Then, the next step is to treat this data properly, in order to suppress the atmospheric effects or some of 
the effects of installation. This step also allows getting averaged values from the measure rakes at different 
planes of the booster, and then to deduce important values like the efficiency or the pressure ratio. 

At this point, the analysis in itself can begin. Actually, there are two kinds of analyses: a multi-dimensional 
one and a 0D one. The multi-dimensional study consists in comparing the different data measured according 
to the rakes positions. The 0D analysis consists in bringing the physical values of interest in a same frame 
using booster map references and then comparing these data to other similar tests or appropriate references. 
At last, the results obtained can be put in perspective with other conclusions. 

These different steps are summed up in Figure 1. 

 

 

 

Figure 1: Post-treatment chain 

 

The main amelioration identified through this first work, were the detection and replacements of faulty 
measures and an automation of the analyses. 

 

Instrumentation 
treatment Data processing Multi-dimensional 

analysis

0D Analysis Results
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2.2 Theoretical solutions 
 

2.2.1 Instrumentation treatment 

 

The correction treated in this part are concerning measures that are related to a height on a rake positioned 
in the flow pass from which they are taken. In practical cases, these are mostly total pressures and total 
temperatures, but these processes can be applied to any measures taken from a rake. 

The errors regarding the raw measures can have two origins: either the sensor giving it is faulty or two 
measures could be interchanged, due to an error of wiring in the instrumentation. Thus, two different 
processes are used to solve these issues. 

 

2.2.1.1 Detection and correction of faulty measures 

 

The first step in this method is to detect from the values that would be used in the analysis, the ones that 
are resulting from questionable sensors. 

Actually, when a sensor is completely damaged and is not responding, the value transmitted will be obviously 
out of place. For instance, it will give a negative value for a total temperature measured in Kelvin, which 
will not make any sense. Consequently, these errors are relatively simple to detect. 

However, when a measure does not seem immediately out of place, it does not automatically mean this is 
correct. So, one method is used in order to detect any of these discrepancies: the golden profile. 

The golden profile is a set of data taken from computational fluid dynamics calculations and confirmed by 
tests that is representing the average profile of a value at a given rotational speed at a certain atmospheric 
condition. Once, this profile is defined, one consider that any value outside a boundary (usually ±5 %) is 
faulty. This process is illustrated in Figure 2. 

 

 

Figure 2: Golden Profile use for a given quantity 
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Once these measures are located, they should be first cancelled and then replaced by a value that will allow 
the whole rake to be used. These data should be approached using the average rake and the values at the 
immersions nearby. There will be a slight difference in the formula used to do so depending on the position 
of the sensor. If one of the value near is close to one of the borders of the flow pass, then its measure may 
be disturbed aerodynamically at turbulent flows (at high Reynolds numbers)[13]. Thus, it is ignored in the 
formula and only the other immersion is considered, as derived in equation 2.a. Otherwise, both terms are 
used as shown in equation 2.b. The immersions that are not in the direct vicinity of the borders, which 
corresponds to the positions that are not at an extremity of the rake, are then located in the medium flow. 

 

𝑉 , 𝑉 , 𝑉 𝑉  

Equation 2.a: Replacement formula at rake j, immersion i with one immersion in medium flow 

 

𝑉 ,
1
2
𝑉 , 𝑉 𝑉 𝑉 , 𝑉 𝑉  

Equation 2.b: Replacement formula at rake j, immersion i with both immersions in medium flow 

 

2.2.1.2 Swap of measures 

 

The “Swap” method consists in inverting two measures that usually were manually interchanged by a wiring 
error.  

To do so, a program should compare the distances between a value at the average rake and all the values at 
a given rake, and if one of these is lower than the distance, verify if this the case the other way. 

While the principle is relatively simple, the complexity of such a script could become rapidly high, as for 
each rake, each position is used in a calculation for all the others. Then if n is the number of immersions on 
a rake, the complexity of the script is proportional to n², which is quite high. 

 

2.2.2 Multi-dimensional analysis 

 

This type of study consists in analyzing all the data that are related to a height, an angular position or both. 
In addition to the total pressure and total temperature already mentioned, the static pressure also fits in this 
category. 

The main operation done with these values is to plot them in a graph according to their height or angular 
position in order to compare these with a reference or other test data, in order to verify some aerodynamic 
effects[14]. For instance, a given set up could lead to more distortion in a profile than in a normal lay-up, as 
shown in Figure 2. It can be useful as well to compare the test data profiles with the one obtained with 
computational fluid dynamics predictions. 
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Figure 2: Two profiles with more discrepancies for the second test.  

 

2.2.3 0D Analysis 

 

This type of study is about general parameters that have been deduced from quantities averaged at planes 
of the booster, like efficiency for instance. Usually some test values are compared with references like 
preliminary predictions or other tests, for specifications verifications, deterioration estimations or 
quantification of installation effects for instance. A plot of these values in a booster map is generally useful 
in order to visualize how the test quantities differs from the expectations. 

One important aspect of this analysis is to bring these parameters at a same reference, so they can be 
properly compared. To do so, the values should be correctly interpolated to a same rotational speed and 
then projected on a common operating line to begin all the needed operations to compare two tests at 
similar operating points. 

 

2.2.3.1 Throttle Push 

 

Physical quantities are measured at rotational speeds that do not correspond precisely to the expected speed, 
as it is virtually impossible to reach a given speed in a practical case. Hence, there is a need to interpolate at 
the desired speed in order to compare the parameters at the same value of rotational speed. 

The “Throttle Push” methods is a process to interpolate the values according to a desired speed. 

The data required to do so are two iso-speed curves from the booster map that are “surrounding” the data: 
one of them is the closest one below the test value; the other is the closest one beyond this value as pictured 
in Figure 3. Those lines should be very close with a difference of speed of 1rpm or less. 
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Figure 3: Selection of values on the upper and lower iso-speed lines 

 

 Then, the values taken on both lines to interpolate the data, should verify one condition: their compression 
ratio on mass flow ratio should be equal to the one of the studied value. Then these values are used according 
to equations 3.a or 3.b if the desired speed to reach is respectively the lower one or the higher one[15]. 
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Equation 3.a. Equations to correct the mass flow (W), compression ratio (π) and efficiency (η) of a test 
point at speed Rn and aiming RN 
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Equation 3.b. Equations to correct the mass flow (W), compression ratio (π) and efficiency (η) of a test 
point at speed Rn and aiming RN+1 
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However, in a practical case, there may not always be two iso-speed lines close to the studied test point. So, 
the Throttle Push method should be adapted. 

One alternative is to use the operating line data at the reduced speed of the point Rn, and at the reduced 
speeds RN or RN+1 aimed. For a physical value V, the operation to correct the value is derived in Equations 
4.a and 4.b. 

 

𝑉 𝑉 𝑅 𝑅 𝑉 𝑉  

Equation 4.a. Formula to correct a value of a test point at reduced speed Rn and aiming RN 

 

𝑉 𝑉 𝑅 𝑅 𝑉 𝑉  

Equation 4.b. Formula to correct a value of a test point at reduced speed Rn and aiming RN+1 

 

2.2.3.2  Projection method 

 

This step consists in projecting the point data on the considered operating line in order to put all the values 
on a same line. 

The projection is done using the iso-speed line on which the test point is located. Therefore, the projection 
is then simply the intersection between this iso-speed line and the operating line. 

However, the usual difficulty is that a point is generally not on an already defined iso-speed curve. To solve 
this issue, the iso-speed curve should be approached according to the compression on mass flow ratio, as 
illustrated on Figure 4. 

 

 

Figure 4: Projection of a test point on the operating line 

 



-14- 
 

As a side note, the order of operations between the Throttle Push and the projection could vary depending 
on the test or on the indications of the motorist. 

 

2.2.3.3 Other operations 

 

Once all the values are brought to the same frame, an important step should be performed: the comparison. 

Two set of data can be compared if they are at the same rotational speed, otherwise it would be senseless 
to do so. It can be useful in order to evaluate some effects like deterioration, changes of installation or 
effects of altitude, among others[16]. It is presented in the form of a difference in percent or in points, 
depending on the value studied. 

Another useful operation is to plot the data once it has been projected along the operating line in order to 
visualize the differences for a certain parameter, like pressure ratio or efficiency for example. If some 
anomalies are noted, it may also be helpful to plot the quantities before the projection and Throttle Push in 
order to verify if the variations are as expected. 

While these steps are theoretically simple, in a practical case, these are the longest, most time-consuming 
and most tedious operations a user has to take. Thus, an emphasis was put in the development of the tool 
on these parts. 

 

2.3 Expectations on the practical solution 
 

The tool that should be answering all these issues regarding the analysis of test data had to answer some 
demands in order to fit for the aerodynamic department. 

First, it should be relatively flexible regarding the lay out. It had to be adapted quickly to different engines, 
with then different sorts of data.  

At the same time, a given method could be easily applied to different sets of data. For instance, the multi-
dimensional method is usually used for plotting static and total pressure and total temperature profiles, but 
it had to be designed so any multi-dimensional could be treated. 

In addition, the tool had to be simple enough, allowing a user who is discovering aerodynamic tests to use 
the software easily and obtain results quickly enough. 

At last, it had to keep some control over the user, in order to keep a degree of choice regarding the methods. 
This is the reason why the tool was made in a semi-automatic manner and not completely automatic. 
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3 Results 
 

3.1 First study 
 

Before actually developing the tool to analyze test data, a first study was performed in a similar way to what 
was usually done on test values from a booster. This allowed me to understand many aspects of the method 
that was implemented afterwards, as well as identifying the required results after this sort of study. 

In addition to acquiring this information, some other important aspects were clarified.  

The first one was that the method described in the previous part was used for some tests like Power 
Calibrations. However, for other sorts of tests, like Booster Mapping for instance, this process may not be 
used per say, since the needs will be different, while some parts like Throttle Push could be useful to correct 
the speed, as it may be seen on Figure 5. Therefore, this displayed that the tool needed had to be flexible 
enough to give the desired results in all these different cases. 

 

Figure 5: Correction of values to adjust to a desired rotational speed 

 

 

Other important notions were also introduced like the deterioration which is an instrumental part of a 
booster development. This consists in comparing the performances of a same booster at different stages of 
use, assuring that it is still respecting the certifications and verifying if the changes are occurring according 
to predictions.  This can be illustrated in a graph as it is shown on Figure 6. 
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Figure 6: Compression losses for a booster between an instant M and an instant M’ latter 

 

Another instrumental aspect is the study of the ground/flight effects, which is a comparison of the different 
performances on ground and during a flight. The main concern is to verify if the differences are in an 
expected frame, and to compare with the differences already measured on other engines. Since the design 
of a booster is made using ground conditions while its certification are run during flights, these effects 
should not be neglected, otherwise the flight performances may not be as expected by the motorist. 

This may also be useful in order to constitute a bibliography of these ground/flight effects and to verify the 
general rule that is deduced from these. However, this matter was not investigated during the study due to 
time constraints and the fact it may have been out of subject, even if the results of the tests treatment are 
useful for it. 

Since many configurations of the booster were tested, the study showed that one of these was giving better 
performances compared to the others. The multi-dimensional analysis helped to understand the cause: there 
was less distortion in the pressure and temperature profiles associated to the optimal configuration, so the 
aerodynamics losses were less important and the overall performance better. 

This study also focused on the use of different methods in order to analyze the data. These methods included 
different operating lines to project on and to adjust the rotational speeds since the iso-speed lines were too 
few to do so, and inverting the orders of projection and interpolation at it is usually the case on other 
engines. The aim of the study was to determine which process was the most efficient and to study the 
differences between all of these methods. 

These methods regarding 0D analysis were developed on different projects over time, so multiple variations 
of a similar analysis existed. Thus, it was important to understand the changes caused by these differences 
in order to then choose an unified method for all subsequent studies. 

It appeared that the lines that were closer from the test data were giving more results since it was easier to 
project on them as the intersection between the iso-speed lines and the operating lines were existing, which 
was not the case of the lower ones as it can be observed on Figure 7. 
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The differences between each method was quite critical for the comprehension of the tool. By inverting the 
order of projection and Throttle Push, there is a shift between the two sets of results that is as important as 
the deterioration. This in turn gives slight changes to the comparisons obtained.  

By changing the operating line, the change is more important as the order of magnitude of the shift could 
be superior to the one of deterioration. The differences between results are then more important. 

 

 

 Figure 7: Possibility of intersection between an iso-speed curve and two operating lines 

 

These observations indicated that the choice of the operating lines should be made with caution and that 
the choice of method was important in order to remain consistent through a study. 

In addition to identifying the different aspects and difficulties of the method used in order to implement 
the tool, this study confirmed the importance of such an analysis since helpful information could be 
generated. It also displayed how sensible the method of 0D analysis is to changes in its parameters and how 
the multi-dimensional analysis is useful to the overall study. 

Despite these results, the time to implement the different parts of the methods and to get the results was 
very long as it took weeks before getting a conclusion. Therefore, this study also showed the need to reduce 
the time to process data in order to spend more time to analyze the final results. 

 

3.2 Adaptations of the tool 
 

The two main concerns on the final tool were on the analysis performed after data processing, namely the 
0D analysis and the multi-dimensional analysis. The correction of instrumentation faults was still at an early 
stage of implementation due to time constraints, therefore obtaining no real results regarding this part. 
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3.2.1 0D Analysis results  

 

In order to analyze test results with the 0D method, the tool is designed in a way that allow the user to give 
booster map information like the operating line, iso-speed curves and possibly block line and stall line. 

Depending on the information given to the tool, two configurations could exist: one with minimal 
information regarding the booster and another, with a large quantity of values of the whole Booster Map. 
These two needed to be treated using different approaches, which resulted in an adaptation to switch from 
one to another. 

 

3.2.1.1 The minimal configuration 

 

In order to analyze the test results, the minimum required to perform the method is an operating line and 
two iso-speed curves as shown on Figure 8. With this information, the Throttle Push applied would be the 
adapted method, described in the Methods section and the projection would involve extensive interpolation 
to project data at a rotational speed that occurs between the ones of the two iso-speed curves and otherwise 
extrapolation. 

The iso-speed curves needed in this case should contain the most important rotational speeds for a flight. 
Usually, the two curves required are corresponding to speeds around 90% and 100% of the nominal 
rotational speed, as this corresponds to the range of a booster during a flight. 

Since only two iso-speed curves are used in this case, the two curves are redefined using the compression 
over mass flow ratio by using a common range for both curves comprised between the maximum and 
minimum ratios of both lines. Then, the interpolation to get the curve passing by the point is made using 
this range. 

 

Figure 8: Booster Map using the minimum configuration 
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This configuration is useful since no great amount of information is needed regarding the booster, so the 
analysis are depending less on the data available that is often given by the motorists, which in turn makes 
the user less dependent of the motorist. 

At the same time, the analysis is performed rapidly compared to the previous alternative, which is a great 
improvement over the previous process. 

However, this method due to the lack of input data regarding the booster is subjected to limitations. 

First, the adjustment of rotational speeds is an adaptation of the Throttle Push method giving different 
results. This could be a first source of errors. 

Then, the projection is made by interpolating or extrapolating, if the point is outside the range, the iso-speed 
curves where the approximation is quite important is the speed is a little far from the curves. At the same 
time, if the distance between the speed of the point and the ones of the iso-speed curves is too important, 
then the data will not be projected since the extrapolated curve does not intersect with the operating line. 
This results in both a lack of precision and a lack of information. 

As a conclusion, the method with few information is easily applied, but results in values that may be lacking 
in precision due to too many approximations. 

The precision of the method could be improved by increasing the number of iso-speed curves that will 
allow fewer interpolations for the projection and if the rotational speeds of these curves are corresponding 
to the desired speeds of adjustment, then the theoretical Throttle Push could be applied. However, the 
method should be adapted. 

 

3.2.1.2 Precise configurations 

 

With more iso-speed curves as input data, there is more information for the tool to process and new issues 
may occur. 

First, the Throttle Push method will change since this time the iso-speed curves will be used and the step to 
redefine the curves using the compression over mass flow ratio will be performed earlier than on the 
minimum configuration. 

Another change that occurs is that the minimum compression over mass flow ratio of all the iso-speed 
curves and the maximum one can be quite distant. Consequently, by using the same range defined for all 
the iso-speed curves in order to redefine all the curves as it was done in the minimum configuration, the 
results may be inefficient.  

The main reason is that the real range of compression over mass flow ratio of a given iso-speed is too small 
compared to the one used, so it is difficult to first interpolate and then perform operations in this area. At 
the same time, the interpolations performed for ratios outside this range are physically absurd. This can 
result at having negative values for some ratios, for instance (Figure 9). 

In order to avoid this issue, the main idea is to regroup the iso-speed curves with ranges of compression 
over mass flow that are relatively close. This condition corresponds to iso-speed curves of close rotational 
speed. To do so, the selected iso-speed curves are sorted in ascending order of rotational speed and then 
use the same range of ratios for groups of iso-speed curves. The resulting redefined iso-speed curves are 
more precisely interpolated than with the previous method. 
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Figure 9: Redefinition of an iso-speed curve using a wide range of compression over mass flow ratios 

 

However, a few issues may still occur with these redefined iso-speed lines. Since the Throttle Push only uses 
the compression over mass flow ratio, no problem will happen during this operation. There was some 
anomalies regarding the projection. 

Since the method to find the projected point uses mass flow values for some steps and some aspects of the 
interpolation remain while greatly reduced, there was a possibility to be unsuccessful in the projection of 
data. 

If the maximum compression over mass flow ratio of the range used to interpolate is too important 
compared to the range of the iso-speed curve, the interpolation will be performed until this point anyway. 
There will be a drastic loss in performances in this area. This actually occurs in reality since this range 
corresponds to states of stall, but the losses given by the interpolation are above what really happens.  

Conversely, if the minimum compression over mas flow ratio of the range used to interpolate is too low 
compared to the range of the iso-speed curve, the interpolation will also be performed until this point. In 
this case, this area would correspond to block state, where the mass flow is constant. This part should be 
represented as a straight line in a Booster Map. However, the interpolated curve presented a reversal as 
displayed on Figure 10. 

This was problematic as the evolution of mass flows was not monotonic, for a given mass flow there could 
be two points corresponding to the value. Consequently, an interpolation was impossible and the projection 
failed for this situation. 

The way to solve this issue involved the non- monotonic aspect of the mass flows. It consisted in detecting 
at low compression over mass flows ratio points the location of the reversal. Once it was found, the point 
of lower compression over mass flow ratios where ignored of the process, as there corresponding to nothing 
physically speaking. Therefore, the mass flow evolution became monotonic and the interpolation could be 
performed on the newly defined range. Then, the point can be easily interpolated. 
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Figure 10: Redefinition of an iso-speed curve using low compression over mass flow ratios 

 

Another adaptation that was needed in order to give correct results was to treat the change in ranges of 
compression over mass flow ratios. 

For some projections, it could be useful to interpolate an iso-speed curve using two curves already given. 
When the range of compression over mass flow ratio changes between these two curves, some errors has 
been observed. After investigation, the source of the problem was identified. 

In order to interpolate the iso-speed curve, the tool was using the same method as the one of the minimum 
configuration: The interpolation was performed for each value by using the ones on the same line of the 
worksheet in the iso-speed curves. It worked for the minimum configuration because the two iso-speed 
curves were using the same ranges of redefinition, so a line of the worksheet was corresponding to one ratio 
for all iso-curves. But as this range changed in this situation, the interpolation was not made at the same 
ratio and had no physical meaning. 

As a result, the deduced iso-speed curve was not the one expected as seen on Figure 11. Consequently, the 
projection using this kind of curves could give either wrong values or no value at all as the iso-speed curve 
could have no intersection with the operating line. This was problematic in order to perform a rigorous 
analysis with all the data available. 

The solution chosen for this problem was to perform the interpolation another way. To do so, two first 
interpolations were made in order to find the values at the desired compression over mass flow ratio for 
both iso-speed curves, before using these two results to find the value at the interpolated iso-speed curve. 

This method was giving the expected results, unlike the one previously used. However, it had a major 
drawback as instead of performing one interpolation, three were done. The resulting time to perform the 
calculations was then more important but it was necessary in order to obtain valid results. 

Once this last issue was solved, all the adaptations of the tool to a precise configuration were done and the 
0D analysis could then be run to give satisfying results. 
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Figure 11: Interpolation of an iso-speed curve with an invalid method 

 

This kind of precise configurations may be a little complicated to obtain, since extensive data for the Booster 
Map is needed and its availability could depend on the motorist. 

At the same time, the time to get results is longer than for a minimum configuration: The user may wait a 
few minutes before the Throttle Push and the projection is completed. While it is not an immediate process, 
it is still a great improvement over what was performed previously. 

Compared to the results given by the minimum configuration, here the Throttle Push is performed 
according to theory and the projection should be of a good precision if enough iso-speed curves are 
available. So, the approximations and the errors should be reduced to a minimum amount, making this 
configuration one of the most reliable ones concerning 0D analysis. 

 

3.2.1.3 Transition between configurations 

 

There is no actual clear distinctions between a minimal and a precise method for the whole 0D analysis. For 
instance, a configuration with many input data regarding the booster map would perform the projections 
using the method of a precise configuration, but could use an adapted Throttle Push if the desired rotational 
speeds of adjustment are not corresponding to available iso-speed curves. 

For the processes in themselves, there are some transitions. Regarding projection, the method of changing 
the ranges of redefinition of the iso-speed curves would be applied if there were strictly more than three 
iso-speeds used in the process. 

Regarding the Throttle Push, the theoretical method would be used only if all the desired rotational speed 
of adjustment corresponds to a given iso-speed curve. Otherwise, if too many speeds were not the ones of 
iso-speed curves, then the applied method of the Throttle Push would be performed. If some desired speeds 
are not available as iso-speed curves but their number is below a limit, the tool will consider the intention 
of the user are unclear: There are no indication if a precise method or a quick method is wanted, so a 
message will ask the user to reconsider his data. 
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Consequently, there could be hybrid configurations where combination of minimal and precise method will 
be applied. 

 

3.2.2 Multi-dimensional analysis 

 

The multi-dimensional analysis was an important step of the overall test processing, in order to verify if all 
the aerodynamics values were conform to expectations. 

To do so, the tool had mainly a graphic role, as it had to be able to plot a wide variety of graphs depending 
on the needs regarding the tests. Three main kinds of graphs were considered. 

The first one consisted in drawing a single type of value for a single test. It is a useful graph in order to make 
some preliminary verifications on the shape of the profiles to see if anything is wrong. If many rakes were 
available for a given value, the tool would allow the user to make a choice between these. 

The second type of graphs is a comparative one as a single type of value will be plotted for different tests, 
with a possible inclusion of Computational Fluid Dynamics (CFD) data. This is a helpful graph especially if 
the booster has different configurations from one test to another in order to see the effects of these 
installations on aerodynamics. The CFD values could also be useful to compare the results with 
expectations. 

The last sort of graphs generated by the tool was made to follow the evolution of a value along the booster 
for a given test. The graph will contain the mean profile at different stage of the Booster, like at the entry, 
at the end or after a rotor/stator stage. There was also a possibility to include CFD data to make comparisons 
with the predictive calculations. One of these graphs is displayed on Figure 12. 

 

Figure 12: Graph of the evolution of pressure profile through different booster stages 

 

The values could be plotted under different forms: the real data or a reduced set of data. The reduction 
could be of many sorts as it may be done using different values, like the ambient value or the average value 



-24- 
 

at a certain stage. It is generally done in order to suppress the dependence on ambient conditions at a same 
altitude. 

This part of the analysis was enabling to generate a large quantity of graphs rapidly, which was an 
improvement over the previous methods. One drawback was that the number of graphs created was quite 
high to process all the information immediately. 

 

3.2.3 Instrumentation treatment 

 

Due to time constraints, the part of the tool regarding the annulation and correction of faulty measures was 
not completed. However, a first draft was implemented while not run on real test data. 

The first step that was the only implemented consisted in finding three kinds of errors: the values 
corresponding to sensors completely out of order, the values out of range compared to the allowed margin 
and the swapped values. 

The user would then choose among the faulty sensors which ones he wanted to correct with the possibility 
to generate some graphs for further help. 

Then, some calculations would be performed in order to recalculate the average values without the chosen 
values and verify that the other values stay within the range. After this calculation, the user would confirm 
his final choice, and the annulations and replacements would be done according to this. 

While the whole process was not implemented, the method described was clearly explained in order to be 
finalized latter. 

 

3.3 Consistency of the tool 
 

In order to validate the tool, its consistency had to be proven. In order to do so, it had to run some analysis 
already performed with the previous methods and compare the results obtained with the new tool with the 
ones already available. 

The principal parts that needed a verification were the Throttle Push and projection on the 0D analysis, as 
well as the 0D analysis as a whole. 

 

3.3.1 Projection consistency 

 

Two methods were used before the implementation of the tool, one where some steps of the resolution 
were performed manually and another that while being quite complicated to apply had a numerical solution. 

The comparisons between results from the newly implemented tool and the first method gave quite 
significant shifts that were of the same order of magnitude as the deterioration. This meant that the 
difference could not be neglected and an investigation had to be performed to understand this variation. 

The investigation showed that the previously used projection method had an issue regarding precision for 
a precise step. 
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During the projection, the main concern is to find the iso-speed curve where the point is located as shown 
on Figure 4. But a point usually is not exactly situated on the curve corresponding to its rotational speed. 
To match exactly the point, a corrective coefficient should be applied to the iso-speed curve. 

For the already used method, the determination of this coefficient was performed manually: a coefficient 
was applied until the iso-speed curve was graphically matching the point. The problem with this step was 
that many coefficients could fit since the associated iso-speed curves would seem to match the point 
depending on the precision of the graphic. Consequently, the corrected iso-speed curve could be not exactly 
matching the point, in turn giving an inaccurate solution. 

As a result, the lack of precision of this method was a reason of the significant shift and thus could not 
constitute a precise reference for the study of consistency. 

On the other hand, the second method was fully numerical and the step of the determination was 
determined using calculations instead of graphical analysis. 

The comparisons between the projected data with this method and the implemented tool gave satisfying 
results, as the shift between both sets of values was of two orders of magnitude lower than the one of 
deterioration at most, the most usual case being three or four orders of magnitude lower. 

It appeared that the projection method was consistent with this previously used and displayed the lack of 
precision of the other method. 

 

3.3.2 Throttle push consistency 

 

In order to validate the efficiency of the Throttle Push, both the theoretical and the applied methods had 
to be studied. 

With the applied Throttle Push, the shift between the results obtained before the implementation of the 
tool and the ones given by the tool was minimal: it was five orders of magnitude below the order of 
deterioration. To this point, it could be considered that the difference is due to the precision of the software 
and consequently the results can be seen as equal. 

Thus, the applied Throttle Push method was consistent with the previously calculated results and could be 
used as well. 

For the theoretical Throttle push, the comparison also proved to be satisfying, as the difference between 
results was between three and four orders of magnitude below the order of magnitude of deterioration. The 
slightly wider difference can be explained by some differences between the two methods.  

First, the interpolation method differed, with a linear interpolation used for the results already available and 
a quadratic one for the tool implemented. This was causing some minor shifts in the respective results. As 
the iso-speed curves is closer from a quadratic function, it may seem a little more accurate to use a quadratic 
interpolation. 

Then, regarding the older method, the iso-speed curves were not redefined according to their compression 
over mass flow ratios as it was the case in the implemented 0D analysis. Consequently, other minor 
variations between results were generated from this difference. 

Still, the shift between results was minimal which meant that the theoretical method of the Throttle Push 
was consistent too. 

It can be noted that while the step of Throttle Push is a critical part of the 0D analysis, it is also the one that 
is the most consistent. It can be explained by the fact that the number of operations performed for this 
method is relatively low compared to all the steps to follow in order to perform a projection. 
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3.3.3 Whole 0D Analysis consistency 

 

Once the consistency of the two main parts of the 0D analysis was proven, the combination of both had to 
be tested. 

To do so, results where the two steps were performed in the same order could be compared as the first 
study has shown. While the tool was programmed to first perform a Throttle Push adjustment and then a 
projection, this order was conserved. 

The comparison between the results obtained before the tool design and after gave satisfying results as the 
shift between both sets of data was between two and three orders of magnitude lower than deterioration. It 
appeared to be satisfying even though the difference was due to a change of method for the projection part. 

As explained for the consistency of projection, one issue of the method was to find the exact iso-speed 
curve where the point was located and to do so a corrective coefficient had to be applied. To determine this 
coefficient, the main idea is to find the point at the same compression over mass flow ratio on the iso-speed 
curve. Then the coefficient would be the ratio of the distance of the test point to the origin in a mass 
flow/compression graph over the one of the point one the iso-speed curve. 

The method to find this point differed between the method used in the tool and the previous one. The older 
version was determining the line in the mass flow/compression graph passing by the test point and the 
origin. Then, the point used to calculate the coefficient would be the intersection of this line and the iso-
speed curve. This method is illustrated on Figure 13. 

 

Figure 12: Method of recalibration of the iso-speed for the projection 

 

However, the method was quite long to calculate the correction coefficient as the line should be determined 
and many iterations should be run in order to find the intersection. Consequently a simplified version was 
implemented in the final tool. The point on the iso-speed curve was found using an interpolation with the 
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compression over mass flow ratio of the test point. With this interpolation, the point associated to the same 
ratio on the iso-speed curve was found and the coefficient could be calculated. 

The main difference between both methods is that one is finding an intersection while the other performs 
an interpolation. There could be some minor differences between the respective points found which results 
in variations in the corrective coefficient, the corrected iso-speed curve and at last the projected point. 

Despite this reason, the shift stays minimal which proves that the whole method is consistent, confirming 
that the interaction of the two steps, Throttle and projection, is giving satisfying results. 

It can also be noted that a constant shift was found for a given value through the whole test. After 
investigation, it was revealed that it was caused by a correction applied directly on the results by the original 
user. This showed one aspect that could be included in the tool. 
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4 Conclusion 
 

In order to treat all the data after a test on a booster, I implemented a tool that was able to perform multi-
dimensional and 0D analysis, which was giving satisfying results in a short amount time allowing users a 
greater focus on their interpretations. 

This tool also raised new possibilities and ameliorations that can be implemented on future updates. 

First, it showed that the post-treatment of tests could be simplified for some steps, so this kind of 
methodology can be applied to other parts of the treatment chain, as I began to do on the annulation and 
replacement of faulty measures. 

Then, many other aspects could be included to this tool in order to execute other analysis that ranged to 
including CFD comparisons within the 0D analysis and including corrections of motorists to performing 
deterioration calculations in order to perform iterations on the test data to certify that there is no major 
changes in a booster during its lifetime. 

On a personal note, the whole project was a positive experience as many aspects of booster development 
from the preliminary study to the implementation of the tool were apprehended. 

Elements of the booster conception were used for the development of the tool such as the booster map 
study, the study of pressure and temperature profiles at different stages of the compressor or the use of 
Computational Fluid Dynamics calculations for the design of the device. It was instructive to learn about 
these steps of the conception of a compressor in order to get a global understanding of the whole process. 

As well, the development of the tool was quite challenging since its main structure had to be established 
and implemented, then each situation brought different adaptations to perform in order to remain 
consistent. This required some reactivity to understand each problem which is part of an engineering work. 

Most importantly, this project was a key to discover the area of tests in aerodynamics with all its complexity 
and its subtleties. Through a large variety of projects ranging from boosters still in development to 
compressors already in application, this was an opportunity to understand all the aspects of tests by working 
with many different persons of the aerodynamic department some of them being specialists of booster 
development. This means the whole project was very interesting and instructive in order to understand an 
aspect of the field of aerodynamics and aeronautics. 
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