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Abstract 

The purpose of this thesis was to design and develop a microturbine generator to 

be used in light aircrafts, with the aim to power the electric motors generating the 

thrust to sustain the aircraft in cruise conditions. Having select as prototype plane 

the Airbus E-fan, various possible configurations for the gas turbine engine have 

been analysed, looking for innovative solutions and using components never intro-

duced in aeronautical engines. For this reason, setups with intercooler and recu-

perator have been evaluated, choosing the one with both heat exchangers due to 

the numerous advantages in terms of specific fuel consumption, efficiencies, di-

mensions, and weight, that this configuration carries. The use of biofuels has been 

assessed, aiming for a strong reduction in emissions. Subsequently all the compo-

nents have been designed and dimensioned opting, where possible, for cutting 

edge materials granting the best performance. 

  



  



Sommario 

Questo lavoro ha lo scopo di sviluppare un generatore a microturbina che possa 

essere applicato su aerei leggeri di piccola taglia, con lo scopo di produrre l’energia 

elettrica necessaria a generare la spinta per il sostentamento dell’aereo in condi-

zioni di crociera. Dopo aver selezionato come velivolo su cui applicare il generatore, 

l’Airbus E-fan, si è passati ad analizzare varie configurazioni possibili per il motore, 

cercando soluzioni innovative ed utilizzando componenti mai introdotti in motori 

aeronautici. Per questo sono state valutate configurazioni con intercooler e recu-

peratore, scegliendo visti i vantaggi in termini di consumi specifici, di efficienze, di 

ingombri e pesi, la configurazione con entrambi gli scambiatori di calore. È stato 

valutato l’uso di biocarburanti con lo scopo di ridurre le emissioni nocive. A questo 

punto si è passati al design vero e proprio, dimensionando tutti i vari componenti 

optando per materiali all’avanguardia che consentissero di ottenere le prestazioni 

migliori possibili. 
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Introduction 

The aeronautic world is currently living its best period so far (if we do not count the 

last two years with the pandemic) since the Wright brothers made the first flight, 

with an extremely high passenger flow and number of flights rapidly increasing. 

Moving and travelling with a plane has become accessible to everyone, not only to 

richer people as it could be until the ’80. A report of the International Air Transport 

Association, IATA, of 2018 [1] describing the evolution of the market for the next 

decades, estimates that the number of passengers is set to double within 2037. 

Even though airliners and manufacturers have these huge incomes, the evolution 

and development of aircrafts have not followed the same path. It is true that a lot 

of new planes have been presented and built in the last years, but the technology 

used for aerodynamics and engines, apart for few changes, is the same used 50 

years ago to develop and fly the first turbofans engines. 

Focusing on the engine development, after the introduction of the aforementioned 

turbofan engines, derived from jet engines previously used in commercial and mil-

itary planes in the sixties, there haven’t been significant changes or introduction of 

new and radical technologies or ideas allowing for a paradigm shift in the develop-

ment of completely different engines. 

The main manufactures, such as Rolls Royce and General Electric, focused on get-

ting the best out such advanced engines, improving every single technical detail, 

introducing new advanced materials and increasing as much as possible the bypass 

ratio, in order to obtain significative performance and consumption improvements, 

even at the expense of the aerodynamics (massively ruined by these huge engines 

and their nacelles); that is than recovered improving the overall aerodynamics of 

the aircraft, with the introduction of winglets or increasing the wing surface. How-

ever, as per today, they arrived at a point where it is not possible to improve these 

engines anymore or getting important advantages from the ones of the competi-

tors. Bypass ratios cannot be increased further, because of aerodynamical reasons, 

but also due to the fact that such big fans spin at very different velocities from the 

core to which are keyed, making necessary a gear to reduce the revolution per mi-

nute, thus introducing important and non-neglectable losses. 



Furthermore, if we study the evolutive trends of aeronautical engines starting from 

1960’s up until today we noticed as seen in Figure 0.1, taken from reference [2], 

that we have arrived at a point where a new unseen engine typology is necessary 

in order to allow a further performance leap. 

 

Figure 0.1: Evolution trends of aircraft engines 

The ideas that can be found in publications, and that are currently studied from the 

main manufacturers are multiple and opposite to one another, bringing innovation 

from different parts. Everyone agrees on several points, that in the end are the ones 

dictated from airliners, whose demands are more and more stringent: 

- Reduction of consumption and emissions 

- Reduction of parts to be used 

- Electrification of the aircraft 

Those three needs are one a consequence of the other, and are defined at first from 

the higher and always increasing awareness of the population of the world for cli-

mate change, and the necessity to start thinking for a more sustainable future 

avoiding the use of fossil fuels. Despite the air traffic is responsible for less than 3% 

of the total of the greenhouse gasses emissions in the EU, amongst the sources of 

emissions that contributes to climate change, it is the one that grew faster. This 

phenomenon is caused, as said before, mainly by the record increase in the number 

of passengers, flights, and freight transportation around the world. This called for 

the governments to try to end this, introducing laws with the aim of reducing the 

emissions, thus forcing the manufacturers to look for a solution. An example of that 

is Denmark deciding to make all domestic flights fossil-free by 2030. [3] This has 
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brought the research, parallel to what has been done in the automotive sector, to 

move the investments on electric and batteries, as they seem the ideal solution, 

because they don’t cause direct emissions. However, looking closely to this tech-

nology it can be seen that energy accumulators are not sufficiently advanced to be 

used profitably in a passenger plane, due to weights ad overall dimensions that will 

be discussed further on this thesis. Furthermore, productive volume and the way 

batteries are manufactured, are not as sustainable as it might appears: extraction 

of rare earths is done with the use of huge amounts of water (some estimates [4] 

talks about more than 50% of the local population water requirement), exploitation 

of workers, harmful gas emissions during the production, other than the fact that 

nowadays batteries are not recycled properly and in great amounts. Said that, it 

can be excluded that the main path for the evolution of aviation, for now, is to take 

the all-electric direction, if not for small aircrafts and drones with limited range. 

Instead, it is important to look for an increasing electrification of the aircraft with 

electricity not only taken from batteries, but also generated from a thermal engine. 

The main producers already have done substantial changes in this way with the 

newer aircraft presented such as the Airbus A350-XWB and the Boeing B787 

Dreamliner, where they went after a concept of More Electric Aircraft (MEA) where 

basically everything from entertainment systems to control surfaces, passing 

through avionics and safety devices, is powered by electricity produced with alter-

nators placed in series with the engines. The only thing that stays purely mechanical 

is the thrust. 

Now, seen all this pressure for greener aircrafts and for the commercialization of 

urban mobility vehicles to be versatile, so that with the same engine they could 

cruise but also take off and land vertically, engineers are studying ways to electrify 

the thrust too. 

There is a simple answer to that, seen that there are electrical motors on the market 

with a weight to power ratio incomparable with the one of a modern turbofan. 

These motors are small and versatile, however they are not able to generate 

enough thrust to power a commercial plane. Therefore, multi-rotor configurations 

based on the concept of distributed propulsion are currently being developed. This 

is a new kind of propulsion system where the engines are distributed along the en-

tire fuselage or the wings. This system could increase performance, propulsive and 



overall efficiencies along with 

an improvement of aerody-

namic effectiveness due to 

completely new shapes of the 

airframe and better integra-

tion of the propulsive system. 

An example of these ideas are 

the configurations studied by 

NASA such as the STARC-ABL, N3-X, or the ESAero eco-150 developed by a private 

competitor, where a series of small propellers embedded on the airframe are used 

to produce the thrust.  

The main problem remains how to produce the electric current necessary to oper-

ate these motors since batteries are too heavy for the purpose as per today. 

The solution, maybe not the only one, but the one that will be developed in this 

thesis, is the utilization of a small thermal engine, precisely a gas turbine generator, 

with an alternator at the end, able to produce enough power to drive the electrical 

motors. The problem at this point is that those type of engines uses non renewable 

fossil fuels continuing to raise the pollutants emissions. This could be partially 

solved using alternative fuels derived from plants or waste products such as biofu-

els, massively reducing the small amounts of pollutant produced, and designing as 

well as possible every component in order to keep the emissions low. 

The change of fuel could be also a great deal for airliners which in fuel have their 

biggest expense, seen that to this day, the prices of jet A-1 keep raising due to the 

geopolitical instability of the country responsible for its extraction and production. 

Thus, a new more efficient engine with renewable fuel would be well liked by the 

airliners. 

 

Therefore, the main purpose of this thesis, will be to develop these ideas, starting 

from a small scale, thus designing a microturbine generator always working at its 

best efficiency, producing enough energy to fly a small light aircraft with an endur-

ance of four to five hours and a range of about 1400 km similarly to the planes 

already available on the market. The main characteristics of this engine will be: 

- Compactness and low weight  

Figure 0.2: Example of distributed propulsion ESAero eco-150 
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- Higher performance than an all-electric plane 

- Use of different and sustainable fuels 

- Consumption ad emissions comparable to the competitors 

- Versatility to be adapted to other purposes 

 

To do this, in the first place, the prototype plane upon which we will base our study 

will be presented, then different thermodynamic cycles will be addressed and ana-

lysed using the MATLAB software, introducing innovative components with the aim 

of compensating the weaknesses of basic gas turbines. One of the cycles will be 

chosen for our engine, and every component will be designed and developed using 

cutting edge materials in order to maximize performances. 
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1 Case study 

To design our engine, we have to decide at which class of planes it will provide the 

thrust necessary. We wanted to design an engine with a power output between 

100-500 kW therefore our choice fell on light aircrafts, UAV’s and drones. After 

some research it has been decided to opt for a prototype developed by Airbus 

which flown for the first time in 2014: the Airbus E-fan. This plane is a two-seater, 

all-electric demonstrator with lithium-ion batteries powering 2 electric motors of 

about 30 kW each. Its autonomy is around 60 minutes. In Figure 1.1 is represented 

in all his shapes with main dimensions and characteristics.  

 

Figure 1.1: Technical data E-fan 1.0 

Seen that this is mainly a prototype that should have been upgraded to become a 

4 seat plane and knowing that the objective for our engine was to produce a higher 

power than the one necessary for this plane to fly, it has been decided to rescale 

the dimensions of this aircraft with a ratio of 1:1.45. in this way we have a light 

aircraft that, at least theoretically, could compete in his sector with other planes 

such as the Piper PA-46 and the Cessna 210. Looking at these two aircraft cited 

here, and in order to become a valuable competitor, we want it to have a range of 

about 1400-1600 km or 4 to 5 hours of flight, and up to 5 seats. This because the 



prototype built is clearly not suitable for air transport seen its autonomy around 1h 

and it can carry only two people. 

To ensure this range of flight with only batteries, even using the best available on 

the market with a power density of 250 Wh/kg, in order to produce 100kW for 5 

hours we would need about 2200 kg of batteries reaching a weight that is higher of 

the entire empty weight of the plane. This, even with a big improvement on battery 

energy density makes the full electric version of this plane not allowable. Therefore, 

the sector we intend to place our aircraft, an hybrid solution such as the one with 

the turbogenerator could be a worthwhile. 

We present down here the main characteristic of our plane confronted with the 

other two. 

 

Table 1.1:Main data of the prototype and confront with other planes 

 E-Fan mod  Piper PA-46 Cessna 210 

Wingspan [m] 13.78  13.11 11.20 

Length [m] 9.67  8.6 8.59 

Height [m] 2.9  3.44 2.95 

Weight [kg] 1650  1969 1045 

Lift to drag 

ratio [-] 
14.1  / 10.9 

Cruise speed 

[m/s] 
80   109.7 99.4 

Cruise height 

[m] 
5000  Up to 9000 6100 

Range [km] 1400  2487 1700 

Engine power 

[kW] 
100  260 230 

Take off dis-

tance [m] 
630  637 660 

Landing dis-

tance [m] 
/  600 460 
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2 Basic Brayton cycle 

For our engine we decided to opt for a microturbine gas generator or “turbogener-

ator”. It is one of the simplest gas turbine engines and it is based as most of the 

airborne engine on a Brayton open cycle. This is a versatile thermodynamic cycle 

that can be used for massive ground installations for energy production as well as 

miniaturized engines that produces few watts of power. Without big modifications 

it can be used as a propulsive system for helicopters and propeller aircrafts, thus is 

the best candidate to be transformed in an energy output generator. Our cycle will 

be carefully modified to convoy all the surplus power generated from the combus-

tion to the shaft and therefore to a generator that will convert it in electrical energy 

to power the electric motors behind the fans. 

As a first thing, to see if this is a viable and convenient option, we will analyse the 

cycle in a general way, for different pressure ratios and determining the main pa-

rameters to have a whole idea of the engine strength and weaknesses. 

To do so, we have developed a MATLAB code, as accurate as possible, that will help 

us studying the various configurations. In appendix A are reported all the charac-

teristics of the code used and 

how we make it accurate, on 

most point of view. 

In the next paragraphs the 

basic cycle will be addressed, 

some ideas for improvement 

will be suggested and from 

there we will start develop-

ing our engine. 

 

2.1 Basic Microturbine generator 

This type of cycle can be divided into three main steps that represent the key com-

ponents of the engine (Figure 2.1): 

- Compressor 

- Combustion chamber 

Figure 2.1: Basic cycle components [9] 



- Turbine 

With other elements such as air intake and exhaust nozzle setting the fluid in the 

right state to be used, or the shaft and alternator whose job is to convoy the power 

generated and transforming it into electricity. 

To better understand how this engine work, we can follow the journey the air does: 

starting from an undisturbed condition outside the engine, where the fluid has its 

own properties and a relative velocity that is the flight velocity, it enters in the en-

gine by means of an air intake that slows it down preparing it for the entrance in 

the compressor. Here it undergoes a compression, up to the highest pressure point 

of the entire cycle, without big variations in speed, but with a strong increase in 

temperature. At this point the air is conveyed into the combustion chamber where 

it gets mixed with the fuel and burns. Here an exothermal chemical reaction hap-

pens, generating enormous amounts of heat and bringing the temperature to the 

maximum one of the entire cycle. The pressure drops a little due to head losses 

generated by friction in the chamber. The TIT (Turbine Inlet Temperature) is of ex-

treme importance because it determines the performance of the cycle. Now the 

hot and pressurised gas is delivered to the turbine where it expands. The expansion 

makes the turbine rotate at high-speed carrying on the compressor and in our case 

the permanent magnet generator. The great addition of energy given by the com-

bustion is therefore transformed firstly in rotational energy that drives the com-

pressor and the remaining part goes into the generator and is then transformed. 

Finishing, the gasses with the remaining surplus of temperature, pressure and en-

ergy are delivered to an exhaust nozzle that discharges them into the atmosphere 

with a higher velocity, generating thrust. In our case most of the energy is taken 

out from the fluid by the turbine and transformed in rotational speed to be given 

to the generator therefore not a great amount energy remains for the nozzle to 

transform. The thrust generated is almost neglectable, as happens in rotorcraft, 

because it is generated elsewhere with electric motor-powered fans (or in case of 

rotorcraft by the rotor itself). 

We can say that our engine is similar to a turboshaft/turboprop where instead of 

using the power generated to spin a shaft attached to a rotor or a propeller, we 

spin a shaft attached to an AC generator. 
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Figure 2.2: T-s diagram Brayton cycle 

The temperature-entropy diagram reported in Figure 2.1 shows the real thermody-

namic transformations that the fluid undergoes, accounting for irreversibility in the 

transformations of compression and expansion other than the pressure losses in 

the combustion chamber. The transformations happening cannot be considered re-

versible nor isentropic and efficiencies must be taken into account. This will bring 

important differences in the determination of the thermodynamical properties of 

the fluid at each station. Another big assumption we do is to assume that the fluid 

entering the engine is completely stopped, thus we can use the static quantities for 

the calculations. This is a huge simplification of the process but at the end it doesn’t 

comport errors in the values determined. 

 

2.2 Thermodynamics of the basic cycle 

In this paragraph we analyse our base cycle from a thermodynamic point of view to 

better understand the variations of the two principal quantities: pressure and tem-

perature.  

First thing to do is to calculate the total temperature outside our engine, that will 

be equal to the temperature at the entrance of the engine because the transfor-

mation between undisturbed stage (a) and stage 1 can be considered isentropic, 

seen that no heat or work is exchanged. Thus: 



𝑇0𝑎 = 𝑇𝑎 +
𝑣2

2 ∙ 𝐶𝑝
 (2.1) 

 

From now on when we talk about temperature and pressure in this paragraph, we 

refer to the total temperature and total pressure with the aim of simplifying our 

writing. 

Entering the diffuser we have the first non-isentropic transformation, due to the 

non-reversibility of the losses caused by friction of the fluid on the walls. Pressure 

losses can be quantified introducing a diffuser efficiency as in equation (2.2). There-

for,e temperature and pressure after the diffuser section can be determined as: 

ŋ𝑑 =
𝑇02_𝑖𝑠 − 𝑇𝑎

𝑇02 − 𝑇𝑎
 (2.2) 

𝑇02 = 𝑇𝑎 (1 +
𝑘 − 1

2
𝑀𝑎

2) (2.3) 

𝑃02 = 𝑃𝑎 (1 + ŋ𝑑 (
𝑇02

𝑇𝑎
 − 1))

𝑘/𝑘−1

 (2.4) 

 

We used an efficiency for the diffuser of 0.98. 

Entering the compressor, the pressure 

raises up with an adiabatic non reversi-

ble transformation. We can see from the 

graph in Figure 2.3 that the pressure 

raise is important but not as big as it 

could be with an ideal transformation. 

Same thing can be said for the tempera-

ture increment. Those irreversibilities 

are determined with the isentropic effi-

ciency of the compressor (2.5) that in 

turn are calculated as seen in appendix A from the polytropic efficiency whose value 

is taken to be 0.85.  Other than this, having priorly decided the compression ratio, 

Figure 2.3:compression real vs ideal transfor-
mation 
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which is a project parameter ad will be determined after careful evaluations, pres-

sure and temperature are determined as similarly done before. 

ŋ𝑐 =
𝑇03_𝑖𝑠 − 𝑇02

𝑇03 − 𝑇02
 (2.5) 

𝑃03

𝑃02
= 𝜋𝑐  (2.6) 

𝑇03_𝑖𝑠

𝑇02
= 𝜋𝑐

𝑘−1
𝑘  (2.7) 

The combustion process takes place between stages 3-4 and ideally has no pressure 

losses but the real transformation, always due to friction penalize the process. The 

combustion friction loss factor fc is introduced (2.8) and a value of 0.98 is taken. At 

this point, since the TIT temperature T04 (that is also the maximum temperature at 

the exit of the combustion chamber) is a parameter to be decided based on the 

material of the turbine impeller, we can estimate from (2.9) the fuel to air ratio f 

that will give us the information on fuel consumption. 

𝑃04=𝑓𝑐 ∙ 𝑃03 (2.8) 

(1 +  𝑓) ∙ 𝐶𝑝ℎ ∙ 𝑇04 − 𝐶𝑝 ∙ 𝑇03 = 𝑓 ∙ 𝐻𝑢 (2.9) 

Looking at equation (2.9) we know the lower heating value Hu because it is a prop-

erty of the fuel itself, and the specific heats of air and combustion gasses are deter-

mined through the equations described in Appendix A. 

At this point gasses enter the turbine. Similarly to the compressor, the process is 

not reversible therefore an isentropic efficiency is in order to determine pressure 

and temperature at the exit of the stage. The gasses are convoyed to the nozzle 

where total temperature and pressures remains equal, but the temperature varies 

due to the efficiency of the nozzle. Knowing that the last piece of enthalpy drop is 

transformed entirely into speed/trust, the nozzle exit speed can be derived: 



ŋ𝑜𝑧𝑧𝑙𝑒 =
𝑇5 − 𝑇6

𝑇05 − 𝑇6_𝑖𝑠
 (2.10) 

𝑉𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = √2 ∙ 𝐶𝑝ℎ ∙ (𝑇05 − 𝑇6) (2.11) 

We need to make sure that the discharge pressure is the ambient pressure so that 

we can consider the nozzle adapted. 

 

2.3 Characteristic parameters of the engine 

There are various performance parameters that are used to determine the overall 

goodness of an engine: specific power (SP), specific thrust, specific fuel consump-

tion (SFC) and efficiencies.  

The specific power is the net power generated by the turbine excluding the power 

used to spin the compressor. Therefore, it is the power used to generate the thrust, 

and can be calculated as such: 

SP =
Pn

ṁ
 (2.12) 

The specific thrust is determined adding to the thrust generated by the fans the 

contribute given by the exhaust nozzle, all divided by the mass flow rate. 

Ttot

ṁ
=

Tnozzle + Tfan

ṁ
 (2.13) 

 Tnozzle = ṁ ∙ (Vdischarge − v),     Tfan = ṁfan ∙  (Vpost_fan − v) (2.14) 

One great parameter to understand the performance of our engine is the specific 

fuel consumption, that is the ratio between the fuel flow rate and the net power 

generate by the engine. 

𝑆𝐹𝐶 =
ṁfuel

Pn
 (2.15) 
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Efficiencies give an overall perspective of the engine summing up the other param-

eters and allowing for a performance confront with other types of motors. In equa-

tions (2.16-2.18) are written respectively the expression for: thermal, propulsive 

and total efficiencies. 

ŋt =
Pn

Pchemical
=

Pn

f ∙ ṁ ∙ Hu
 (2.16) 

ŋp =
Ttot ∙ v

Pgetto
 (2.17) 

ŋo = ŋt ∙ ŋp  (2.18) 

 

Knowing how the basic engine work and how to determine the thermodynamical 

characteristics at every step we can now analyse thoroughly our engine. 

 

2.4 Normal turbine generator evaluation 

To determine the fundamental parameters, we have to define some project values. 

Since we are only interested in specific parameters and efficiencies, we will define 

randomly the mass flow rate entering the engine. Other two parameters such as 

compressor pressure ratio and TiT will be taken variable to better analyse the en-

gine in different situations. In particular, three values of temperature are taken 

(1403 K – 1503 K – 1603 K), and a range of πc from 0 up to 50. Flight speed and 

cruise altitude are respectively 78.3 m/s and 5000m. 

Another thing to be defined is the division of the enthalpic drop between turbine 

and exhaust nozzle. Since we want the biggest part of the thrust to be generated 

from fans the majority of the ΔH will be done in the turbine leaving to the nozzle 

only a small portion useful to accelerate the flow at speeds slightly higher than the 

cruise one. After having analysed thrust variation in function of the percentage of 

enthalpy drop in the nozzle as can be seen in Figure 2.4Figure 2.5, we can conclude 

that in order to maximize the total thrust generated by our engine the ΔH should 

be of the order of 1%. For our case we will use 0.6%. 



  

 

2.4.1 Results obtained 

Having done all the premises, we now proceed running our code and examining the 

results we get. 

Starting with the specific power in Figure 2.6 we see the trend of the curve in func-

tion of pressure ratio (pr) and temperature. Power has a maximum between pr of 

10 to 20 that moves to the right with the maximum cycle temperature. This is be-

cause the higher the TIT the bigger the enthalpic drop in the turbine for the same 

power requested from the compressor. The specific fuel consumption behaves in 

an opposite way with decreasing values for increasing pr. This can be explained 

saying that with an higher pressure ratio higher temperature values are reached 

before the combustion chamber, thus less fuel is needed to arrive at the maximum 

temperature. 

 

Figure 2.6: Specific power in function of temperature and Pr 

                    

              

 

   

   

   

   

   

   

 
 

  
  

  
 

              

 

Figure 2.4: variation of  thrust with percentage 
of entalpic drop in nozzle 

Figure 2.5:variation of exhaust speed with per-
centage of entalpic drop in nozzle 
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Figure 2.7: Specific fuel consumption in function of temperature and Pr 

 

Figure 2.8: Efficiencies in function of temperature and Pr 

The efficiencies present extremely different values to one another. The thermal one 

tends to grow with the pressure ratio and increases his value with higher maximum 

temperature. This value gives an idea of how well the energy introduced with the 

combustion is transformed into propulsive energy, the higher the value the better 

the cycle works. It never reaches high numbers due to the losses of the engine, but 

it is important when designing to take it at is highest values. Propulsive efficiency 

has extremely high percentages that remains more or less constant in our case, a 

part for pr up to 5 where we have a minimum. When the maximum temperature 

increases the propulsive efficiency decreases because even the discharge 

                   

              

   

   

   

   

   

   

   

 
  
 
 

                         

 

                    

              

 

  

  

  

  

  

  

  

  

  

   

 

            

                  

                     

                

 

 

 



temperature and velocity rise making thrust power (Pgetto) higher and consequently 

the efficiency smaller. The total efficiency follows a similar path regarding the tem-

perature, with an increasing value with the pressure ratio. This efficiency always 

stays at low values and usually does not exceed 30%. 

 

2.5 Final considerations on basic cycle 

From these graphs we can draw some considerations and find a path for a correct 

and intelligent development of our microturbine gas generator. Since we want to 

build an engine that is as fuel efficient as possible the TIT temperature must be 

higher than normal but within the limits of the material currently available, so at a 

first glance 1503 K could be a correct hypothesis for our engine. The values of the 

efficiencies are not super high as we want them to be especially in the low range of 

pressure ratios usually used in microturbines. The only parameter that doesn’t 

seem to be a problem is the specific power that looks to be high enough to produce 

the power we need. Therefore, there is a need to find solutions to improve efficien-

cies especially the thermal one, fuel consumption and in general to shift the maxi-

mum of the curves (minimum for SFC) further to the left in order to have them to 

an acceptable pressure ratio value, allowing for small turbomachines and an overall 

engine dimension. 

These solutions will be discussed and developed in the next chapter. 
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3 Intercooler & Recuperator 

Having seen characteristics and problems of the basic gas turbine generator we 

now try to implement some solutions to achieve better results suitable for our ap-

plication, remembering that the engine must be of feasible dimensions and possibly 

weight less or similar to the weight of the batteries of the initial prototype. To do 

so, after analysing various solution available in literature, even for gas turbines for 

ground or maritime operation, it has been decided to opt for two heat exchangers: 

- Intercooler  

- Recuperator 

They are usually not used in commercial jet engines because of their massive di-

mensions and weight for the gain they provide, but the first is often used in auto-

motive application and the second one is a fundamental part of all turbines for elec-

tricity generation to the ground, or where dimensions are not a concern. They ap-

parently work in opposite “direction” since one is used to cool the flow down and 

the other to heat it up, but used in the right place, they both provide huge benefits. 

Both of them will be studied singularly in a cycle to better understand their qualities 

and defects. Then they will be used together, and a confrontation will be done to 

decide which setup is the best one to be used for our application. 

 

3.1 Intercooler 

An intercooler is an air-to-air heat exchanger that uses a cold flow usually taken 

from the outside air to cool the gas down after the first stage of compression before 

entering the second stage. In this way we obtain a colder and denser fluid entering 

the second compressor. As understandable, to use this element we need to split 

the compressor in two stages if axial or into two compressors if radial ones. This 

will allow for smaller diameter dimensions for the same pressure ratio, or higher 

pressure ratios with the same diameter. Using this heat exchanger, the second com-

pressor needs less power to work, therefore a higher power is available for the gen-

erator to be transformed into electricity. Specific power improves with the efficien-

cies remaining almost unchanged, at the expense of the specific fuel consumption 

that increases. This because the temperature at the exit of the compressor in 



respect with a normal cycle is lower causing a greater need of fuel to allow the 

gasses to reach the maximum temperature in the combustion. 

It may look like using this device could go against our need have to the lowest fuel 

consumption possible, and even if dimensions gets smaller, adding a new element 

contributes to increase the weight. We will see though that this exchanger could be 

a valuable option in some cases and conditions. 

Geometry, dimensions weight and overall performance of this device will be dis-

cussed further in chapter 8. 

Graph presented in this chapter are all plotted in the same conditions with same 

output power and thrust. 

 

3.1.1 Performance analysis of intercooler setup 

Introducing an intercooler into our engine and therefore adding it to our MATLAB 

code, will require as said splitting the compressor in half. To have a determined 

pressure ratio the pr of the first stage multiplied to the pr of the second stage has 

to return the ratio we want. This is done having each turbomachine to compress 

the air of the square root of the total pressure ratio (3.1) in this way we manage to 

have two balanced compressors requesting a similar amount of work. 

𝜋𝑐_1 = 𝜋𝑐_2 = √𝜋𝑐_𝑡𝑜𝑡  (3.1) 

The air exiting the first compressor enters into the intercooler where it is cooled 

down by an airflow coming from a second air intake and having a temperature 

equal to the one of the outside atmosphere. The two fluids exchange heat for con-

vection with crossflow paths to maximize the exchange. 

The maximum amount of heat passed from the hot fluid to the cold one is calcu-

lated using equation 3.2. The maximum heat to be exchanged is function of the 

temperature of both fluids and Cmin is the minimum product of the mass flow rate 

and specific heat of one of the fluids. The effectiveness of the intercooler plays an 

extremely important role in determining the performance of this device and allows 

us to calculate the exit temperature of the flow. Usually extremely high efficiencies 

can’t be achieved by this device in constrained spaces due to the elevated quantity 
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of cold flow that has to be brought inside. Values over 90% are unattainable, but 

with a good design an efficiency in the range between 40%-80% is achievable. 

𝑞𝑚𝑎𝑥 = 𝐶𝑚𝑖𝑛(𝑇03_𝑐1 − 𝑇𝑎)   𝑤ℎ𝑒𝑟𝑒 𝐶𝑚𝑖𝑛 = 𝑚𝑖𝑛[�̇� ∙ 𝐶𝑝] (3.2) 

𝜀𝑖𝑐 =
𝑇𝑝𝑜𝑠𝑡_𝑖𝑐 − 𝑇03_𝑐1

𝑇03_𝑐1 − 𝑇𝑎
 (3.3) 

Another important thing to be taken into account is the pressure drop due to fric-

tion of the fluid on the walls of the intercooler. It must be as small as possible in 

order to avoid performance degradation and to jeopardize the work done in the 

compressors. Seen the basic of this element we find useful to plot the performance 

parameters of the engine in function, not only of pressure ratio, but also of the 

effectiveness of the intercooler in a range from 0 to 100%. 

 

 

 
                    

              

 

   

   

   

   

   

   

 
 

  
  

  
 

              

 

   

   

   

   

 

                

Figure 3.1: Specific power in function of Pr 



 
Figure 3.2: Thermal efficiency in function of Pr 

  

We can notice how values of Specific power and thermal efficiency are higher than 

the ones seen in chapter one for the normal gas turbine generator, and we have as 

expected a small increase in fuel consumption that reduces with higher intercooler 

efficiencies. About effectiveness we see that they play a massive role in increasing 

power and thermal efficiency of the engine mostly at high pressure ratios, with con-

tained effect at smaller ones. Peak values for every graph tend to move further right 

with the efficiency due to the fact that the two installed compressors require less 

work to rotate providing a higher net power generated to be delivered to the gen-

erator. 

 

                    

              

 

 

  

  

  

  

  

  

 

                 

 

   

   

   

   

 

                

                   

              

   

   

   

   

   

   

   

 
  
 
 

                         

 

   

   

   

   

 

                

Figure 3.3: Specific fuel consumption in function of Pr 
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After this small evaluation of the results obtained, we can confidently say that this 

configuration seems promising only if we can reach values of pressure ratio above 

15 and intercooler effectiveness as high as possible to mitigate the effect on fuel 

consumption. 

 

  



3.2 Recuperator 

A recuperator is an air-to air or gas-to-air heat exchanger used in basically every 

ground application gas turbine for the generation of electricity. It is based on the 

fact that after the turbine, the fluid heading into the exhaust nozzle and then into 

the atmosphere has still an extremely high temperature. This property is even more 

important in microturbines where the turbine doesn’t expand much leaving the 

fluid at an even higher temperature. The hot gas instead of being directly expelled, 

passes through this heat exchanger placed between the compressor and the com-

bustion chamber, heating the air before it enters the combustor. This allows to 

avoid the enthalpic and thermic jump to be done entirely by the fuel thus saving a 

great amount of fuel without compromising the power output, but slightly reducing 

the thrust produced by the nozzle. Ideally the airflow could enter the combustion 

chamber at the temperature of the exhaust gasses, but in reality, the efficiency of 

the recuperator can’t be 100% because we would need an infinite exchange area. 

These devices are effective even at small efficiencies, but in order to be convenient 

for aeronautical application they have to have extremely high efficiency >90% and 

low-pressure losses due to friction or other impediments, lower than 5%. This 

makes it difficult to have it at a low cost, low weight and small dimensions, and it is 

one of the main reasons it is still not used in commercial engines. 

The design, dimensioning and material selection will be done further in this thesis 

at chapter 8. 

 

3.2.1 Performance analysis of recuperator setup 

 To develop our setup in MATLAB, equations similar to the ones for the intercooler 

will be used, this time with a singular compressor and turbine, rearranging a little 

bit the initial code developed. The heat exchanger is developed as a counter flow 

system with a big exchange area to maximize the effectiveness.  

𝑞𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑 = 𝜀𝑟𝑐 ∙ 𝑞𝑚𝑎𝑥    𝑤ℎ𝑒𝑟𝑒  𝑞𝑚𝑎𝑥 = 𝐶𝑚𝑖𝑛(𝑇05 − 𝑇03)   (3.4) 

𝜀𝑟𝑐 =
𝑇𝑝𝑜𝑠𝑡_𝑟𝑐 − 𝑇03

𝑇03 − 𝑇05
 (3.5) 
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Where Tpost_rc is the temperature at the exit of the recuperator, T03, T05 are respec-

tively the one at the outlet of the compressor and the one exiting the turbine. Pres-

sure drop is taken to be 4% and the effectiveness variable between 50% and 90% 

in order to understand how our engine behaves in different conditions. As before 

we plot the performance parameters in function of pressure ratio to have the same 

judgement parameters. 

 

 

 

Figure 3.5:Thermal efficiency in function of Pr 

 

                    

              

 

 

  

  

  

  

  

  

  

 

                 

   

   

   

   

   

                

                    

              

 

  

   

   

   

   

   

   

   

   

 
 

  
  

  
 

              

   

   

   

   

   

                

Figure 3.4:Specific power in function of Pr 



 

Figure 3.6: Specific fuel consumption in function of Pr 

The results obtained are congruent with the one expected, and the ones available 

in literature. The specific power doesn’t change significantly with the effectiveness 

of the exchanger and is attested at values similar to the ones seen in chapter 2 for 

the basic gas turbine. Fuel consumption and thermal efficiency report great im-

provements, with the first reaching values up to 20-30% lower than the intercooled 

version, and the latter having values over 35% at small pressure ratios, and overall 

excellent numbers. In the last two graphs it is clearly visible a point where all the 

efficiency curves converge, continuing as a unique one. This is the situation where 

because of the high expansion ratio, the turbine reaches a point where the temper-

ature of the gasses at its exit is equal or smaller to the temperature of the air after 

the compressor. Therefore, after this point, the recuperator is not convenient any-

more, but it is also counterproductive because the heat is transferred in the oppo-

site direction, lowering the temperature at the entrance of the combustor. After 

this point that is at about πc=31 this configuration will not be considered. Another 

interesting thing that can be caught from the graphs is the tendency of the curve’s 

maximum (minimum for SFC) to shift to the left as the efficiency of the recuperator 

gets higher. This is optimal for our application that request small dimensions and 

consequently low-pressure ratios to be considered a good alternative to current 

engines. 

Surely this option is a valuable one and will be taken into consideration for our pur-

poses, even with small or low-efficiency recuperators. 
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3.3 Intercooler and recuperator setup 

Seen that both configurations work extremely well if used with the right pressure 

ratios and efficiencies it has been thought to use the two heat exchangers together 

to see if the strength of each configuration could be maintained and the weak-

nesses eliminated or reduced to acceptable values. In particular, the smaller power 

available on the recuperator configuration could be balanced with the help of the 

intercooler and the high fuel consumption of this last element improved by the use 

of a regenerator.  

The configuration consists in two compressors, a low-pressure stage and an high 

pressure one, divided by an intercooler, a recuperator, a combustion chamber and 

two turbine stages with the last one directing the gas to the recuperator before 

expelling it through the nozzle. 

To plot the graph as done in the previous paragraph for other setups we restrict the 

range of the efficiencies of the two heat exchangers: 

- Intercooler 40%-60%-80% which are the most plausible to use  

- Recuperator 50%-70%-90% because in literature some exchanger with 

these efficiencies have been found 

 

Figure 3.7: Specific power in function of Pr 

                   

              

   

   

   

   

   

   

   

   

   

 
 

  
  

  
 

              

   

   

   

                



 

Figure 3.8: Thermal efficiency in function of Pr 

 

Figure 3.9: Specific fuel consumption in function of Pr 

 

For a better understanding of the graphs the curves generated are grouped in col-

ours by the efficiency of the intercooler. Curves with the same colour have a differ-

ent recuperator efficiency and they vary as done in the previous chapter for the 

recuperator configuration, hence with a higher effectiveness of the exchanger, spe-

cific power and thermal efficiency get higher values instead for the specific fuel 

consumption we obtain lower values. 

As expected, the results found are very promising and they mix both the configura-

tions developed before. Specific power shows value similar to the intercooler-only 

setup, and the SFC reaches values well below 200 g/kWh for certain pressure ratios, 

an important improvement over the other configurations, as well as for the values 
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of thermal efficiency that are unseen in a jet engine and in general in an aviation 

engine. It is also important to see that the best parameters are in the range of the 

low-pressure ratios and never higher than 30. 

In order to better understand this configuration, we must decide which effective-

ness value assign to each heat exchanger. after having consulted other project and 

exchangers developed (more about that at chapter 8) and found in literature we 

came to the conclusion that for the intercooler, in an effort to maintain it small we 

chose a value of 60%. for the recuperator instead basing on the experience of cap-

stone microturbines we are confident we can reach a 90% effectiveness in small 

spaces and with low density materials. 

We plot then the curves obtained with this configuration. 

 
Figure 3.10: Specific power in function of Pr 

 
Figure 3.11: Thermal efficiency in function of Pr 

                    

              

 

  

   

   

   

   

   

   

   

   

   

 
 

  
  

  
 

              

                   

              

  

  

  

  

  

  

  

  

  

  

 

                 



 
Figure 3.12: Specific fuel consumption in function of Pr 

From these graphs we can clearly see that this setup expresses the best perfor-

mance at pr values between 10 and 20 dependently to which graph we use and to 

which parameter we value the most. 

But this configuration pays the fact that has two heavy heat exchangers and 4 

pieces of turbomachinery that could make it not too convenient for our purposes 

eve if it is without any doubt the most efficient one. Before making the choice, a 

numerical confrontation is to be done with fixed pressure ratios between the three 

configurations involving also weights. In this way we can correctly choose the best 

setup and proceed with the design of the components. 

  

3.4 Numerical comparison 

To have an accurate comparison we chose to confront the different setups initially 

with the same pressure ratio, set to be 5, because it is a value usually not passed 

by microturbines, and consent to have small turbomachines of centrifugal type, 

contrarily to the use of high compression values where we must look into axial com-

pressors or at least two different centrifugal ones. On the other hand, we choose 

to see the real potential of each configuration using different pressure ratios near 

the optimum point. Results are presented in Table 3.1and Table 3.2. From the first 

one we can see a clear reduction of consumption with the introduction of the recu-

perator in terms of kg of fuel per hour, and a reduction of mass flow entering the 

engine with the intercooler, thanks to the smaller compressors requiring less air 

entering. But with such a low-pressure ratio, substantial differences are not 
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appreciable, especially when the intercooler is introduced that looks almost useless 

in this case. As a matter of fact, if we look at the last two engines there aren’t van-

tages introducing the second heat exchanger, the fuel consumption is even higher, 

so that it could be convenient not to use it in order to save on overall weight and 

size. But in this case neither of the configurations work at its optimal point so that 

the true potentiality of these engines is not noticeable here, but looking at Table 

3.2 important differences can be detected. Since we are looking to minimize fuel 

consumption, we took the optimal pressure ratio for the SFC parameter. The results 

are always compared assuring that all the three engines deliver the same net power 

to the generator. From the data we notice that thermal efficiency increases with 

the complexity of the setup, the fuel expenditure undergoes a massive reduction, 

and the introduction of the intercooler allows for an important decrease in mass 

flow. Seen the whole picture, even if the two-exchangers setup seems to be the 

most performing, we are not sure that a fuel saving of about 2kg/h and a reduction 

in mass flow (that means a reduction also in the dimensions of heat exchangers) 

justifies the introduction of the intercooler. Therefore, a whole analysis on weights, 

taking into account their variation with the entering mass flow rate, is fundamental 

to make the most accurate decision. At this point we feel that the intercooler-only 

setup could be discarded seen that most of the parameters studied are inconven-

iently higher than the other designs. 

 

  



 

Table 3.1:comparison between the three setups with Pr=5 

 Normal Intercooler Recuperator 
Intercooler + 

Recuperator 

Cruise alti-

tude [m] 
5000 5000 5000 5000 

Flight speed 

[m/s] 
78.415 78.4 78.38 78.4 

Pressure ra-

tio [] 
5 5 5 5 

Heat ex-

changers ef-

ficiency [] 

/ 0.6 0.9 
Ic: 0.9 

Rc:0.6 

Available 

Power (Pgetto) 

[kW] 

100.02 100.04 100.02 100.01 

Net Power 

produced by 

turbine [kW] 

128.577 128.714 128.608 128.402 

Total thrust 

[N] 
1146.99 1147.226 1147.366 1147.337 

Thermal effi-

ciency [%] 
20.62 20.20 35.90 37.57 

Mass flow 

rate [Kg/s] 
0.3466 0.3397 0.3671 0.3328 

Inlet Area 

[m2] 
0.006 0.0059 0.0064 0.0058 

Inlet diame-

ter [cm] 
8.74 8.66 9.00 8.57 

Fuel weight 

for one hour 

flight [kg] 

44.893 45.878 25.791 24.607 
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Table 3.2:comparison between the three setups with Pr optimized 

 Intercooler Recuperator 
Intercooler + 

Recuperator 

Cruise altitude [m] 5000 5000 5000 

Flight speed [m/s] 78.6 78.4 78.4 

Pressure ratio [] 16 8 14 

Heat exchangers 

efficiency [] 
0.6 0.9 

Ic: 0.6 

Rc:0.9 

Available Power 

(Pgetto) [kW] 
99.99 100.01 100.00 

Net Power pro-

duced by turbine 

[kW] 

126.81 126.79 126.845 

Total thrust [N] 1147.137 1147.33 1147.20 

Thermal efficiency 

[%] 
29.23 37.21 39.32 

Mass flow rate 

[Kg/s] 
0.2429 0.2982 0.2690 

Inlet Area [m2] 0.0042 0.0047 0.0047 

Inlet diameter 

[cm] 
7.31 7.71 7.70 

Fuel weight for 

one hour flight 

[kg] 

31.234 25.07 23.92 

 

  



3.5 Weights and final comparison 

It has been decided to introduce a comparison with weights to have an overall 

glance, seen that as per now there is not a clear winner between different types of 

engines. Therefore, in this paragraph weights efficiencies and fuel consumption 

varying with pressure ratio and effectiveness of intercooler and recuperator are 

analysed. We do not consider specific power because we have already understood 

that those engine are easily able to produce the power we need. The intercooler-

only setup has been excluded due to the elevated consumption (>30kg for 5 hours 

of flight). 

 

As basic parameter a core engine weight of 30 kg has been taken, comprising com-

pressors, shaft, turbines and combustion chamber. The fuel is determined with var-

ying pressure ratio, for a flight time of five hours. We use for the calculation cryo-

genic liquid Methane (LNG) at -162°C because is denser than the normal one and 

therefore can be stocked in less space. This brings us to the weight of the tank. 

Initially we made the hypothesis of 10% the weight of the fuel inside, but having 

found an American company producing them in composite for aerospace applica-

tions [] and examining their numerous fuel tanks we derived a linear  equation (3.6) 

to determine the weight of the fuel  in function of the litres of methane needed, in 

this way seen that composite can be modelled in various forms and adapted to our 

necessity we can use a correct size tank instead of the ones sold on the market. 

Tank_weight[kg]=0.0695*liters_of_Methane +0.1648 (3.6) 

Regarding the weight of the heat exchangers, we refer to chapter 8 where a proper 

dimensioning of the elements is done and explained. We cand say that it is done 

calculating the exchange area with the ε-NTU method and compared with existing 

ones to see if we were getting similar results. For the intercooler aluminium was 

used, instead silicon nitride for the recuperator.  

 

Integrating this assumption in the MATLAB code we were able to plot the weights 

in function of pressure ratio and effectiveness. Starting with: 
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- Recuperator-only configuration 

 

Figure 3.13 Recuperator weight in function of Pr 

 

Figure 3.14: Total weight in function of Pr 

 

 

It can be noticed how the total weight is around 180-200kg  for optimal pressure 

ratio between 10 to 15. As noticable the recuperator gets heavier with pressure 

ratio and effectiveness. It needs to be remembered that if we want a single 

centrifugal compressor for this setup we must stay inside a pr of 5 because the ones 

available on the market do not get higher than this. We report in the following table 

the main variables for a pr of 5.  

Table 3.3: Values of weight and efficiencies rec. only setup 

Parameters Values 

Core weight [kg] 30 

Fuel weight [kg] 128.93 

Tank weight [kg] 21.50 

Recuperator weight [kg] 10.87 

total weight [kg] 191.30 

Recuperator exchange 
Area  [m2] 

14.31 

  

Pressure ratio [-] 5 

Recuperator Efficiency [-] 0.90 

Thermal Efficiency [%] 35.90 

Propulsive Efficiency [%] 89.89 

Total Efficiency [%] 32.28 
 

 

 

 

 

                   

              

 

 

  

  

 
 
  
 
  
  
 
 

                  

   

   

   

   

   

                

                   

              

   

   

   

   

   

   

   

   

 
 
  
 
  
  
 
 

                                

   

   

   

   

   

                



 

- Intercooler & Recuperator configuration 

 

Figure 3.15: weight of heat exchangers in func-
tion of Pr 

 

Figure 3.16: total weight in function of Pr 

 

We chose to plot the curves only in function of the intercooler effectiveness thaking 

the one of the recuperator to be 0.9. 

In this case in can be noticed that the minimum are for pr between 12 and 20  with 

vaues well under 190 kg for the total weight. In order to avoid a big intercooler its 

efficiency will be taken to be 60% so the red curve is the one to watch. We report 

in Table 3.4 the main parameters for this configuration with an optimal pressure 

ratio of 15.2 (divided in two compressors of 3.9 each). 

Table 3.4: Values of weight and efficiencies 2 exchangers setup 

Parameters Value 

Core weight [kg] 30 

Fuel weight [kg] 115.69 

Tank weight [kg] 19.31 

Recuperator weight [kg] 7.87 

Intercooler weight [kg] 10.25 

total weight [kg] 183.13 

Recuperator exchange 
Area [m2] 

10.94 

Intercooler exchange 
Area [m2] 

1.95 

  

Pressure ratio [-] 15.2 (2x 3.9) 

Recuperator Efficiency [-] 0.90 

Intercooler Efficiency [-] 0.60 

Thermal Efficiency [%] 39.46 

Propulsive Efficiency [%] 90.21 

Total Efficiency [%] 35.60 
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With the two tables in mind and all the confrontations done in the previous 

paragraph , it’s clear that the two heat exchangers configuration is the right one for 

our aircraft thanks to a smaller overall weight, lower fuel consumption (13kg less in 

5 hours), and teoretically amazing efficiencies with the thermal one that almost 

touches the 40%, and the total greater than 35% unseen for an aircraft engines. 

Thanks to this amazing parameters the additon of the intercooler is a feasible 

choice to make. 

 

At this weights needs to be added the electric current generator and the buffer 

batteries for other 20/30 kg,  moving the total up to 200/210kg, well under the 2 

tonns needed to fly using only batteries, and even under the weight of the current 

batteries used in the prototipe plane (220kg) that makes it fly for 1h. 

 

3.6 Thermodynamical properties and other parameters of the 

cycle 

In this paragraph are reported at each step the thermodynamical properties of the 

cycle chosen and other useful parameters used for the design of the components. 

 

Figure 3.17: T-s diagram of final setup 

          
   

   

   

   

    

    

    

    

 
  
 
 

                           

            

           

            

                  

       

      

      

           



FLIGHT PARAMETERS: 

Flight altitude 5000m 

Atmosphere temperature Ta= 259.47 K 

Atmosphere pressure Pa= 54014 Pa 

Air Density 0.7362 kg/m^3 

Cruise speed Vcruise=78.6 m/s 

Mass flow rate �̇� = 0.2631 kg/s 

02-DIFFUSER: 

Efficiency ŋd=0.98 

Exit temperature T02=254.47 K 

Exit pressure P02 = 56812 Pa 

03-COMPRESSOR 1 

Polytropic efficiency ŋpol=0.85 

Isentropic efficiency ŋc1=0.8194 

Pressure ratio  𝜋𝑐 = 3.9 

Exit temperature T03= 411.35 K 

Exit pressure P03 = 221500 Pa 

Power requested Pc1=39.84 kW 

INTERCOOLER 

Effectiveness ŋd=0.98 

Pressure drop =3% 

Exit temperature T03_ic= 317.93 K 

Exit pressure P03_ic=214860 Pa 

03_C2-COMPRESSOR 2 

Polytropic efficiency ŋpol=0.85 

Isentropic efficiency ŋc2=0.8194 

Pressure ratio 𝜋𝑐 = 3.9 

Exit temperature T03_c2= 501.88 K 

Exit pressure P03_C2 = 804180 Pa 

Power requested Pc2=48.71 kW 

04-COMBUSTION CHAMBER 

Lower heating value Hu= 50 MJ/kg 

Pressure loss factor fc=2% 

Efficiency ŋcc=98% 

Fuel flow rate �̇�𝑓𝑢𝑒𝑙 = 0.0064 kg/s 

Exit temperature T02=1503 K 

Exit pressure P04 =788100 Pa 

05-TURBINE 1 

Polytropic efficiency ŋpol= 85% 

Isentropic efficiency ŋt1=88.27% 

Exit temperature T05= 1353.3 K 

Exit pressure P05= 483490 Pa 

Power generated Pt1 =49.78 kW 

05T2-TURBINE 2 

Polytropic efficiency ŋpol=%85% 

Isentropic efficiency ŋt2= 88.27% 

Exit temperature T05_T2=942.04 K 

Exit pressure P05_T2= 58419 Pa 

Power generated Pt2 =165.55 kW 

RECUPERATOR 

Effectiveness ŋrc=90% 

Pressure drop 4% 

Exit temperature T03_rc=888.97 K 

Exit pressure P03_rc= 804180 Pa 
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06-NOZZLE 

Efficiency ŋu=98% 

Exit temperature T6 = 925.44 K 

Exit pressure P06 = 54014 Pa 

Nozzle thrust Tnozzle =34.71 N 

PERFORMANCE PARAMETERS: 

Net power Pn= 126.82 kW 

Available power Pav =100.0 kW 

Chemical power Pc =321.42 kW 

Fan thrust Tfan = 556.56 N (x2) 

Total Thrust = 1147.8 N 

Thermal Efficiency 39.46 % 

Propulsive Efficiency 90.21 % 

Total Efficiency 35.60 % 

OTHER USEFUL PARAMETERS: 

Bypass ratio 240.38 

Pressure raise in fans ∆𝑃
𝑃𝑎

⁄ = 0.023  

Air speed post fan Vfan=96.2 m/s 

Mach post fan Mfan 0.3 

Table 3.5: Parameters of the cycle selected 
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4 Centrifugal compressor design 

The first and most important part to design in a gas turbine is the compressor. In 

our engine there are 2 centrifugal compressors with a pressure ratio of 3.9 each, 

for a total compression of 15.2, divided by an intercooler with the purpose of cool-

ing the air flow thus reducing the diameter of the second compressor. 

It has been decided to go with centrifugal compressors and not axial ones because 

they are easier to manufacture, they have a smaller cost for the same mass flow 

rate, they can reach a bigger pressure ratio (up to 5) with a single stage in respect 

to axial compressor stage that manage to compress only 1.2/1.5 times. Further-

more, these machines are less sensible to impurities in the sense that are less prone 

to be damaged by a foreign object and work better with dirty streams. 

We choose to go with a bigger frontal area and higher weight, but on the other 

hand we have significantly reduced costs and failure hypothesis. 

Before designing the low-pressure compressor, it is important to present the basic 

components and layout of this machine, in order to better understand the mechan-

ics and the path followed by the air. In a centrifugal compressor the stream enters 

axially and is turned perpendicular to the axis of rotation it is then compressed by 

centrifugal force, collected, channeled and exits radially.  

The compressor is composed by 3 

parts as we can see in fig [1]: 

- Impeller (rotor) 

- Diffuser (stator) 

- Volute (scroll) 

Before entering the rotating part, inlet 

guide vanes can be introduced to twist 

the flow and reduce the angle of attack, to avoid shocks, boundary layer separation, 

and in general any turbulence that can make the compressor to perform less well. 

Usually for small compressor these airfoils are not necessary. 

The impeller is the rotating part connected by means of a shaft to the turbine that 

drives it, t’s made of blades (usually in prime numbers), with the initial part (In-

ducer) that can be curved to better accommodate the airflow that enters the ma-

chine. His job is to accelerate the fluid outward from the centre of rotation and 

Figure 4.1: Centrifugal compressor parts 



conveying the energy from the turbine to the fluid, that in turn gets denser and 

hotter. Moreover, the blades can be radial or curved forward/backward to better 

conduce the flow and generate more power (we will see more about that later 

when designing). 

The air exiting the rotor enters in the stationary part, or Diffuser, which it is neces-

sary to slow the flow down and complete the compression. This part converts the 

kinetic energy of the air into potential energy. This section can be vaneless, vaned 

or mixed with a first part without blades and a second part where the flow is chan-

nelled and collected in channels or pipes.  

The flow at this point enters the scoll where its collected in a unique stream and 

continue his journey to the intercooler or the combustion chamber. 

 

4.1 Low-pressure compressor 

We want to design our two turbomachines to be as efficient as possible when they 

work at cruise speed, as studied before in this paper. To do so, we present once 

more the basic parameters at the entrance and exit of the first compressor stage. 

- Total inlet Temperature T01= 259.47 K 

- Total inlet Pressure P01=56812 Pa 

- Flow density ρ=0.6624 Kg/m3 

- Mass flow rate �̇�=0.2631 Kg/s 

- Total exit Temperature 411.35 K 

- Total exit Pressure 221500 Pa 

To proceed with the preliminar design of the turbomachine it is necessary to as-

sume a few project parameters: 

- After few tries it has been decided to proceed without inlet guided vanes 

because the angular change of the flow was really small (in the order of 5°) 

and there wasn’t a significant change of other parameters. Thus, in order 

to keep the machine simple and the costs as low as possible, the flow will 

enter axially.  C1t=0 C1=C1 axial 

- After some shaft considerations the hub diameter of the impeller has been 

imposed to be 16 mm  

- To decide the rotational speed few electric high-speed generators have 

been looked up, in particular, at the reference [5] it is stated that for 
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permanent magnets generator, the speed for a 100kW motor cannot ex-

ceed 60000 rpm, unless a massive stainless steel rotor is used. Thus, using 

the best generator on the market, we decided to use 60000 rpm (or 1000 

rev/s) as rotational speed 

- Number of blades n =15 

- Pressure losses equal between impeller and diffuser  ŋ𝑖𝑚𝑝𝑒𝑙𝑙𝑒𝑟 = 0.5 ∙

(1 + ŋ𝑐 ) 

- Power input factor ψ= 1.035 

Remember that Gas properties (cp e k) are calculated as showed in Appendix A, 

using an empirical correlation with the temperature, at each step. 

Having set these parameters, we proceed creating a MATLAB program able to cal-

culate the dimensions of the parts, the velocity triangles, and the thermodynamic 

parameters at each stage. Hereunder we are going to describe every step and the 

formulae we used for a better understanding of the process. It is started by calcu-

lating every parameter for a radial blade impeller then it will be transformed if nec-

essary to accommodate backward leaning blades.  

 

4.1.1 Impeller 

First, we want to find how high the total velocity that enters the impeller is, know-

ing that C1=C1ax and using the mass flow rate equation conveniently modified to 

calculate the velocity at the impeller inlet tip we obtain: 

𝐶1𝑎𝑥_𝑡 =
√

𝑅 ∙ 𝑇01 ∙

𝑘 cos 𝛽1𝑡2 [1 −
𝑘 − 1

2𝑘 (
𝐶𝑢1𝑡

√𝑅𝑇01

)

2

] 𝑀1 𝑟𝑒𝑙
2

[1 + 
𝑘 − 1

2 cos 𝛽1𝑡2 𝑀1 𝑟𝑒𝑙
2 ]

 
(4.1) 

Where with B1t we define the inlet blade tip angle, chosen equal to 50° (maximum), 

and M1rel=0.8, to prevent flow separation at the entrance of the impeller. Assuming 

the entrance total velocity to be the same everywhere C1 is now a known parame-

ter. 

We continue calculating the diameter of the impeller inlet tip, from the definition 

of mass flow: 



𝐷1𝑡 = √

�̇�
𝜌⁄

𝐶1𝑎𝑥_𝑡 ∙ 𝜋
4

+ 𝐷1ℎ
2  (4.2) 

Then, rearranging the pressure ratio definition we manage to calculate the rota-

tional speed at the exducer: 

𝑈2 =
√

𝑐𝑝 ∙ 𝑇01 ∙ (𝜋𝑐

𝑘−1
𝑘 − 1)

𝜎 ∙ ψ ∙ ŋ𝑐
 

(4.3) 

where σ is the slip factor for an impeller with radial blades. The following empirical 

formula derived by Staintz as: 

𝜎 = 1 −
0.63 ∙ 𝜋

𝑛
             𝑤𝑖𝑡ℎ      𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑙𝑎𝑑𝑒𝑠 (4.4) 

Consequently, knowing the rotational shaft speed the diameter at impeller outlet 

is obtainable. 

𝐷2 =
𝑈2

𝜋 ∙ 𝑟𝑝𝑠
 (4.5) 

Another way to calculate this quantity, if the shaft rotational speed was unknown, 

was to use the following assumption: 

𝐷2

𝐷1𝑡
=

𝑈2

𝑈1𝑡
    →     

𝐷2

𝐷1𝑡
=

𝑈2

√𝑅𝑇01

𝐶1𝑢𝑡

√𝑅𝑇01

+ 
𝐶1𝑎𝑥

√𝑅𝑇01

tan 𝛽1𝑡

 (4.6) 

and then trace back and calculate the RPM with an inverse formula. 

Done that it’s easy to determine the inlet area A1 and as a consequence, the ther-

modynamic properties and the velocity triangles at the inlet hub, tip and mean ra-

dius (shown in Figure 4.2) 

𝑇1 = 𝑇01 −
𝐶1

2

2 ∙ 𝑐𝑝
                  

𝑃1

𝑃01
= (

𝑇01

𝑇1
)

𝑘
𝑘−1

        𝜌1 =
𝑃1

𝑅 ∙ 𝑇01
 (4.7) 

𝑀1 =
𝐶1

√𝑘 ∙ 𝑅 ∙ 𝑇1

                  𝑀1𝑟𝑒𝑙 =
𝑊1

√𝑘 ∙ 𝑅 ∙ 𝑇1

 (4.8) 

To simplify the reading all the results are written in Table 4.1-2. 
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Table 4.1: Thermodynamical data impeller inlet 

 

Thermodynamic data 

T1 [K] 245.06 

P1 [Pa] 46585 

ρ1 [kg/m3] 0.6624 

A1 [ m3] 0.0023 

M1 0.5394 

M1 rel 0.784 

Table 4.2: Geometry dimensions impeller inlet 

 

Geometry and velocity data 

C1  [m/s] 169.50 

W1 [m/s] 246.38 

U1h [m/s] 50.27 

U1t [m/s] 178.81 

U2 [m/s] 410.5 

D1h [mm] 16 

D1t [mm] 57 

D2 [cm] 13,07 

 

Now we can proceed with the calculation of the flow leaving the impeller. Once 

again, the fact that we are doing the calculation for a radial blade impeller needs to 

be underlined. 

Thermodynamic properties of the fluid are calculated imposing the maximum exit 

Mach number M2=1 that allows us to find C2 easily. From previous cycle calculation 

we know T02 (that is equal to T03 at the exit of the diffuser, because the latter 

doesn’t do any work so the total quantities remain unchanged), therefore using few 

simple equations and some trigonometric we find T2, P2, ρ2, C2 and all the velocities.  

The height of the passage b2 is now calculated using the mass flow rate. 

𝑏2 =
�̇�

𝜌2 ∙ 𝐶2𝑟 ∙ 𝜋 ∙ 𝐷2
 (4.9) 

                           

                          

   

 

  

  

  

  

   

   

   

   

   
 
 
 
  
  
 
  
 
 
  
 
 
  
 
  
 

                                

 
 

 
 

 
  

 
  

 
  

                           

                          

   

 

  

  

  

  

   

   

   

   

   

 
 
 
  
  
 
  
 
 
  
 
 
  
 
  
 

                                

 
 

 
 

 
  

Figure 4.2: Velocity riangles Impeller inlet 



 

We had noticed that the flow exits the impeller with a certain angle with respect to 

the radial blades, if we imagine to perfectly guide the flow to the exit, we should 

obtain that Cu2=U2, and therefore a perfect outlet velocity triangle and high efficien-

cies. In practice this cannot be done because it would take an infinite number of 

blades. But we can guide the flow with backward leaning blades in order to achieve 

a smaller C2 at the exit of the impeller and higher efficiencies for the impeller. 

The decrease of absolute velocity C2, makes easier for the diffuser to do his job, and 

allows the compressor to have a wider operating range at that rotational speed, for 

a better matching with the turbine. 

Assumed that, to use backswept blades, we want the same pressure ratio between 

backward leaning and radial impeller, we can match the two equations obtaining a 

fresh relationship of U2backward with U2radial, and since the diameter of the impeller D2 

varies linearly with the velocity, the diameter D2backward is obtained, through which 

all the other quantities can be updated. 

(
𝑈2𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑

𝑈2𝑟𝑎𝑑𝑖𝑎𝑙
)

2

=
𝜎

𝜎𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑 ∙ (1 − 𝜑2 ∙ tan 𝛽2)
 

𝑤𝑖𝑡ℎ  𝜎𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑 = 1 −

0.63𝜋
𝑛

(1 − 𝜑2 ∙ tan 𝛽2)
       𝜑2 =

𝐶2𝑟

𝑈2
 

(4.10) 

We represent in Figure 4.3 the velocity triangles on the radial plane at the outlet of 

the impeller. 

 

Figure 4.3: Velocity triangle impeller outlet 
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Table 4.3: Quantities at impeller outlet for backward blades 

Quantities at impeller outlet 

𝝈𝒃𝒂𝒄𝒌𝒘𝒂𝒓𝒅 0.846 β2 [°] 30 

C2r [m/s] 112.61 α2 [°] 16.31 

C2u [m/s] 384.66 D2backward [m] 0.1431 

C2 [m/s] 400.81 b2 [m] 4.6 

W2 [m/s] 203.87 T2 [K] 343.39 

U2 [m/s] 449.68 P2 [Pa] 132950 

M2 [] 1.081 ρ2 [Kg/m3] 1.349 

 

Before we look at the diffuser, it’s necessary to calculate the axial length of the 

impeller, in order to have the complete geometry of the part. After some research, 

a correlation between the outlet diameter and the axial length of the turbomachine 

has been found in the studies conducted by Aungier [6] which is the following: 

𝐿 = 𝐷2 ∙ (0.014 + 0.028 (
𝐷2

𝐷1ℎ
) + 1.58𝜑) 

𝑤𝑖𝑡ℎ       𝜑 =
4𝑄0

𝜋𝑈2𝐷2
2  ,     𝑄0 =

�̇�

𝜌
 

(4.11) 

For our low-pressure compressor, we found L=4.13 cm, fairly consistent with the 

other geometrical parameters of the impeller. 

 

4.1.2 Diffuser 

As said before, the diffuser can be vaneless or vaned. There are a few types of vaned 

diffuser such as pipe diffuser, wedge, cascade, with pivoting vanes, and so on. Usu-

ally this are more efficient and compact because they can decelerate the fluid in 

less space, but they are more difficult to design, and CFD simulations are usually 

required to obtain adequate dimensions without compromising the fluid motion. 

Additionally, their production cost is higher, therefore it has been decided to ini-

tially opt for a vaneless diffuser even if slightly bigger.  

The main hypothesis done in this case is that the absolute velocity at the exit of the 

diffuser is equal to the one entering the inlet of the impeller (C3=C1), and that the 

height of the diffuser remains the same b2=b3. Observing that the diameter varies 



linearly with the speed, D3 can be easily calculated and therefore also thermody-

namic properties.  

𝐷3 ∙ 𝐶3 = 𝐷2 ∙ 𝐶2 (4.12) 

We present the results down here in Table 4.4. 

Table 4.4: Quantities at diffuser outlet 

Quantities at DIFFUSER outlet 

C3r [m/s] 77.58 A3 [m3] 0.0045 

C3u [m/s] 150.70 D3 [m] 0.3090 

C3 [m/s] 169.50 T3 [K] 397.15 

M3 [] 0.425 P3 [Pa] 199850 

α3[°] 10.71 ρ3 [Kg/m3] 1.753 

 

Pressure coefficient Cpr and degree of reaction are also calculated.  

𝐶𝑝𝑟 =
𝑃3 − 𝑃2

𝑃02 − 𝑃2
= 0.5651                𝛬 =

𝑇2 − 𝑇1

𝑇3 − 𝑇1
=    64.7% (4.13) 

The pressure recovery coefficient states what portion of total pressure is recuper-

ated in the diffuser. It is difficult to reach high values, and the one obtained here 

can be considered good. 

The degree of reaction is the ratio of the work done by reaction to the total work 

done in the compressor. If you have a value of 100% the whole enthalpy increment 

happens in the rotor, and the stator only turns the absolute velocity. Vice versa if 

𝛬 = 0 the rotor changes the kinetic energy only, and this is then recuperated in the 

diffuser. Usually, you try to have a value around 50% so that the total enthalpy var-

iation is done half by the rotor and half by the stator. Even though in our case most 

of the work is done in the rotor, our value can be considered acceptable. 

 

4.1.3 Vaned diffuser 

Introducing a lot of hypotheses, a vaned diffuser has also been developed, with an 

initial vaneless part and a 16-vanes wedge diffuser. 
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Following the design done by Aungier 

in his book [6] the subsequent con-

straints have been adopted: 

- D3/D2 =1.125 

- β3=16° 

- 2θc=8° 

- Length to width ratio=10 (fig. 

[4]) 

- D4/D3 =1.4 

With the subscript 3 we indicate the di-

ameter of the vaneless space, and with 

4 the diameter of the vaned space, and 

therefore the total diameter. 

This allowed us to calculate through simple equations the main parameters of a 

wedge diffuser, using the equation below: 

𝑊𝑡ℎ𝑟𝑜𝑎𝑡ℎ =
𝜋 ∙ 𝐷3 ∙ sin 𝛽3

𝑛𝑣𝑎𝑛𝑒𝑠
 (4.14) 

𝐴𝑅 =
𝑊𝑒𝑥𝑖𝑡

𝑊𝑡ℎ𝑟𝑜𝑎𝑡ℎ
= 1 + 2 ∙ 𝐿𝑊𝑅 ∙ tan 𝜗𝑐  (4.15) 

𝛽4 = sin−1 (
𝑛𝑣𝑎𝑛𝑒𝑠 ∙ 𝑊𝑒𝑥𝑖𝑡

𝜋 ∙ 𝐷4
) (4.16) 

Then inverting the following equations, we find the Mach number, at the exit of the 

vaned section. 

𝐴𝑅 =
1

𝑀
∙ (

2

𝑘 − 1
∙ (1 +

𝑘 − 1

2
𝑀2))

𝑘+1
2(𝑘−1)

 (4.17) 

Thermodynamic properties and other quantities are calculated as before. 

 

 

 

 

Figure 4.4: Diffuser stall conditions 



 

Table 4.5: Quantities at Vaned Diffuser outlet 

Quantities at Vaned Diffuser outlet 

C4r [m/s] 100.8 A4 [m3] 0.0033 

C4u [m/s] 1.107 D4 [m] 0.2254 

C4 [m/s] 100.85 T4 [K] 406.26 

M4 [] 0.25 P4 [Pa] 205630 

β4[°] 28.18 ρ4 [Kg/m3] 1.763 

    

𝑪𝒑𝒓[] 0.6140 𝜦 [%] 61.0 

 

As could be seen from the results written in Table 4.5 the diameter of the diffuser 

is smaller in this case as expected, thus reducing the frontal area of the compressor, 

and probably the weight too. The outlet mack number is 0.25 that is perfect to en-

ter the combustion chamber as it is not too high to blow off the flame or the inter-

cooler. Thermodynamic properties remain almost unchanged, and we have a small 

variation in the pressure recovery coefficient and in the degree of reaction, with 

the vaned diffuser recuperating a bigger part of kinetic energy in respect to the 

vaneless one.  
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4.2 High-Pressure Compressor 

4.2.1 Single shaft configuration 

A similar path has been followed to estimate the geometrical dimensions and gas 

properties of the second compressor. Here we report the initial assumption and the 

thermodynamic quantities at the inlet. 

- Total inlet Temperature T01= 317.93 K 

- Total inlet Pressure P01=214860 Pa 

- Flow density ρ=2.32 Kg/m3 

- Mass flow rate �̇�=0.2631 Kg/s 

- Total exit Temperature 501.88 K 

- Total exit Pressure 804180 Pa 

One main constraint is that we want the same rotational speed of the first com-

pressor because they are both attached to the same shaft, and we want the Mach 

number at the exit of the diffuser to be smaller than 0.4 to assure that the flow 

enters the combustion chamber at the right speed. 

At the impeller inlet we obtain the following results and velocity triangles, down 

here are also presented the main geometrical quantities of the impeller. 

 

Table 4.6: Geometry and velocity data HP impeller 

Geometry and velocity data 

C1  [m/s] 59.69 

W1 [m/s] 173.04 

U1h [m/s] 50.27 

U1t [m/s] 12.41 

U2 [m/s] 106.34 

D1h [mm] 16 

D1t [mm] 51 

D2 [cm] 14.45 

L [cm] 3.55 



 

        Figure 4.5: Velocity triangles HP impeller inlet 

In Table 4.7and Figure 4.6 are listed the results for the impeller outlet, with back-

swept blades. 

Table 4.7: Quantities at HP impeller outlet 

Quantities at impeller outlet 

𝝈𝒃𝒂𝒄𝒌𝒘𝒂𝒓𝒅 0.8466 β2 [°] 30 

C2r [m/s] 120.03 α2 [°] 15.72 

C2u [m/s] 426.35 D2backward [m] 0.1578 

C2 [m/s] 442.93 b2 [m] 0.0013 

W2 [m/s] 222.46 T2 [K] 420.52 

U2 [m/s] 495.65 P2 [Pa] 505300 

M2 [] 1.08 ρ2 [Kg/m3] 4.1867 

 

Figure 4.6: Velocity triangle HP impeller outlet 
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Lastly, we present the results for vaneless and vaned diffuser. 

Table 4.8: Vaneless and Vaned diffuser outlet HP compressor 

Quantities at Vaneless Diffuser outlet 

 

Quantities at Vaned Diffuser outlet 

C3r [m/s] 80.38 A3 [m3] 0.0014 C4r [m/s] 111.0 A4 [m3] 
0.0009

8 

C3u [m/s] 156.66 D3 [m] 0.3635 C4u [m/s] 1.2205 D4 [m] 0.2485 

C3 [m/s] 176.08 T3 [K] 486.81 C4 [m/s] 111.06 T4 [K] 495.81 

M3 [] 0.4 P3 [Pa] 
76852

0 
M4 [] 0.25 P4 [Pa] 

76987

0 

α3[°] 10.18 
Rho3 

[Kg/m3] 
5.50 β4[°] 28.18 ρ4 [Kg/m3] 5.41 

        

𝑪𝒑𝒓[] 0.5886 𝜦 [%] 61.16 𝑪𝒑𝒓[] 0.5916 𝜦 [%] 58.9 

 

Looking at the results, they are consistent with the ones of the low-pressure com-

pressor, with similar dimensions, and the second stage slightly bigger than the first 

stage. These dimensions would have been even bigger without the intercooler in 

between, due to the higher temperature, the impeller would have taken a bigger 

room to compress the fluid of the right amount. 

All the thermodynamic quantities are consistent with the cycle analysis done in the 

first chapters. 

 

4.2.2 Double shaft configuration 

Since the dimensions of the second compressor are slightly bigger than the first, 

partially compromising the use of the intercooler, that was adopted with the aim 

of reducing compressors geometries. We tried to change configuration, using two 

concentric parallel shafts with different rotating speed, allowing the high-pressure 

compressor to rotate faster. This should result in a smaller diameter of the rotor 

and thus the entire compressor itself. 

We report down below the results obtained with the same entrance quantities as 

before. 

 

 



- Rotor inlet: 

 

Table 4.9: Geometry and main data HP 2 shaft configuration 

 

Figure 4.7:Velocity triangles HP impeller 2-shaft configuration       

 

 

 

 

 

 

                                                                       

                  

                          

   

 

  

  

  

  

  

  

 
 
 
  
   

  
 
 
   

 
  
 
  
 

                                

 
 

 
 

 
  

 
  

 
  

Geometry and velocity data 

C1  [m/s] 59.69 

W1 [m/s] 221.59 

U1h [m/s] 99.77 

U1t [m/s] 213.40 

U2 [m/s] 495.66 

D1h [mm] 0.026 

D1t [mm] 0.0556 

D2 [cm] 11.83 

L [cm] 2 
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- Impeller outlet with backward-leaning blades: 

Table 4.10: quantities HP impeller outlet 2-shafts configuration 

Quantities at impeller outlet 

𝝈𝒃𝒂𝒄𝒌𝒘𝒂𝒓𝒅 0.466 β2 [°] 30 

C2r [m/s] 120.04 α2 [°] 15.72 

C2u [m/s] 426.35 
D2backward 

[m] 
12.92 

C2 [m/s] 442.93 b2 [m] 0.0015 

W2 [m/s] 222.46 T2 [K] 420.52 

U2 [m/s] 495.66 P2 [Pa] 505300 

M2 [] 1.08 ρ2 [Kg/m3] 4.188 

 

 

- Vaned diffuser outlet section: 

Table 4.11:Quantities at diffuser HP outlet 2-shafts configuration 

Quantities at Vaned Diffuser outlet 

C4r [m/s] 111.0 A4 [m3] 0.00098

28 

C4u [m/s] 1.22 D4 [m] 0.2034 

C4 [m/s] 111.06 T4 [K] 495.81 

M4 [] 0.25 P4 [Pa] 769870 

β4[°] 28.18 ρ4 [Kg/m3] 5.41 

    

𝑪𝒑𝒓[] 0.5916 𝜦 [%] 58.09 

                               

                          

 

  

  

  

  

   

   

   

 
 
 
  
   

  
 
 
   

 
  
 
  
 

                                 

 
 

 
 

 
 

Figure 4.8: Velocity triangle HP impeller outlet 2-shaft 
configuration 



As can be seen see from the results obtained, there is a clear difference between 

the two configurations, with the second one (twin spool configuration) that allow 

for a smaller HP-compressor. In total, we save about 6 cm in diameter but there are 

higher mechanical stresses acting on the shaft due to the higher rotational speed 

(78833 RMP), and the wear would be much more elevated. 

 

4.2.3 Configuration selection 

To choose the correct configuration for the gas turbine, we look at compressors 

machine numbers plotting them in a pump chart. The two numbers used are re-

spectively, Specific Speed and Specific Diameter, both dimensionless. 

𝑁𝑠 =
𝑟𝑝𝑚 ∙ √𝑄

∆𝐻
3

4⁄
 (4.18) 

𝐷𝑠 =
𝐷 ∙ ∆𝐻

1
4⁄

√𝑄
 (4.19) 

With Q volumetric flow rate and D impeller exit diameter. 

 

A we can see from Figure 4.9, the low-pressure compressor (red line on the graph) 

hits exactly the 0.8 total-to-static efficiency curve for radial compressors. Since our 

isentropic efficiency is 0.8194 for both compressors, calculated from the polytropic 

one, and remembering that the following relation is valid. 

Figure 4.9: Pump chart with machine number displayed [24] 
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ŋ𝑖𝑐 = ŋ𝑡𝑠,𝑐 −
𝐶4

2

2 ∙ 𝑐𝑝 ∙ (𝑇01 − 𝑇04)
= 0.79 (4.20) 

We can say that the choice of a radial compressor for the low-pressure stage is the 

correct one. 

The high-pressure compressor can be displaced in two configurations as seen be-

fore, with the first one plotted in blue, that has the rotor on the same shaft of the 

first stage and the RPM fixed at 60000.  

The second configuration instead, has the second compressor placed on another 

shaft parallel to the first one that spins at an higher speed (78833 rpm), allowing 

the whole stage to be smaller. 

This design is plotted in orange in Figure 4.9. 

We see that both configurations are on different efficiency curves, and at the limit 

of the radial flow usage area.  Nevertheless, the two-shaft configuration seems to 

be the best one with a higher efficiency near to the one calculated that is about 

ŋts,c=0.78. 

 

Figure 4.10: Geometrical configuration of the impeller based on Specific speed [7] 

Moreover, if we look at the graph in Figure 4.10, we can confirm the dimensions 

calculated before, with the first compressor that has a deeper impeller in the axial 

direction (like the Francis type in the figure), while the second one due to a smaller 



specific speed, here called Ωs, resemble the radial type, being a little bit more com-

pact axially. 

 

The choice falls back to the two parallel-axis configurations due to higher efficien-

cies and smaller dimensions of the rotative parts. 
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4.3 Material selection 

Knowing all the measures and the quantities necessary, we now proceed with the 

selection of the material to be use for both compressors. Nowadays the choice of 

the material, not only is a question of finding the best material with the most ideal 

properties, but costs per unit, availability and ease of production are important fac-

tors to be taken into account. The choice of materials to be used in both impeller 

and diffuser of a compressor, requires a selection based on a multitude of material 

properties that we are going to list below: 

- Tensile/Yield strength  

- Elastic modulus 

- Thermal expansion coeffi-

cient 

- Fracture toughness 

- Fatigue strength 

- Impact resistance  

- Dampening 

- Machinability  

- Ductility 

- Corrosion and erosion resistance 

Nowadays, most of the Centrifugal compressors for ground and aeronautical appli-

cation are made of Stainless Steel (usually AISI 400) with a better corrosion re-

sistance thanks to the lower amount of carbonium and the presence of chromium 

in the alloy (Maraging steels and AerMet 100 are a good example). Other materials 

used are titanium and titanium alloys that presents a higher strength to density 

ratio for the range of temperature we are interested in. This can be seen in Figure 

4.11. 

Axial compressor stages use only Titanium for the blades because it offers great 

mechanical properties and creep resistance at high temperatures. Boeing with the 

787 decided to innovate in this sector using blades made of Titanium aluminide that 

offers excellent corrosion and oxidation resistance at high temperature and low 

weight. This material can also be produced with additive manufacturing tech-

niques, hence reducing production costs. 

 Figure 4.11: Specific strength of materials over Tem-
perature 



On the other hand, its direct competitor is an Aluminium alloy made by Airbus, 

called Scalmalloy. This material has optimum qualities and material properties up 

to 250 °C (573 K), perfectly in the range of temperature of our compressors. With a 

low thermal expansion, high resistance to mechanical stresses, good corrosion re-

sistance and low weight it is a suitable candidate for our parts. Additive manufac-

turing fabrication allows to contain the costs of production made high by the pres-

ence of Scandium in the alloy 

For our compressors, if we don’t focus on the costs of the material, we are surely 

choosing Titanium or Aluminium because they offer better mechanical properties, 

corrosion resistance and low thermal expansion, all combined with a lower density 

and therefore lower weight than steel. Grade 5 Titanium (Ti6Al4V) would probably 

be the best choice, to be evaluated with Titanium aluminide (TiAl).  

Lower weight and ease to manufacture make us propend to use Scalmalloy, but the 

variation of the mechanical properties with temperature and fatigue wear needs to 

be analysed to avoid in-use breaks. 

A mechanical stress calculation has been carried out to see if the chosen materials 

could sustain the high tensions generated during the operations on disk and blades. 

To evaluate that we use two empirical formulae found at the reference [8]. The first 

one is to evaluate the maximum peak disc stress, while the second one estimates 

the stress on the blades. 

𝜎max 𝑑𝑖𝑠𝑐 = 0.75 ∙ 𝜌 ∙ 𝑈2
2 ∙

3 +  𝜈

8
          𝑤𝑖𝑡ℎ 𝜈 = 𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠𝑅𝑎𝑡𝑖𝑜 (4.21) 

𝜎max 𝑏𝑙𝑎𝑑𝑒 =
6 ∙ 𝑓 ∙ 𝑏2

2 ∙ 𝜌 ∙ 𝜔2 ∙ sin 𝛽2

𝑡𝑡𝑖𝑝
 (4.22) 

(f is an empirical parameter chose to be 0.167 as suggested in reference [4], ttip is 

the blade thickness set at 1 mm) 

As we can see from Table 4.12, for the high-pressure compressor (the one subjected 

to higher stresses) maximum stress values remain well under the yield strength of 

the material that is around 1100 Mpa for Titanium at 500°C. The same considera-

tions can be done for the Aluminium alloy which has a yield strength of 470 Mpa. 
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Table 4.12: stresses on disk and blades per material 

 Grade 5 Titanium 

𝝈𝐦𝐚𝐱 𝒅𝒊𝒔𝒄  [MPa] 284.98 

𝝈𝐦𝐚𝐱 𝒃𝒍𝒂𝒅𝒆 [MPa] 138.86 

  

 Scalmalloy 

𝝈𝐦𝐚𝐱 𝒅𝒊𝒔𝒄  [MPa] 188.40 

𝝈𝐦𝐚𝐱 𝒃𝒍𝒂𝒅𝒆 [MPa] 138.86 

 

This is to be considered a preliminary analysis, with the only purpose to check if the 

material is strong enough to handle the stresses. A FEM simulation would be a bet-

ter way to evaluate mechanical stresses and needs to be done before the final 

choice of the material. 
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5 Turbine design 

After the design of both radial compressors, we must look at the turbines that are 

the most important part of a gas engine because they convert the energy stored 

inside the fluid after it has passed through the combustion chamber, into rotational 

energy used to drive the compressor and then the alternator that will power our 

aircraft. 

In aeronautical engines, two types of turbines can be used, Axial turbines and radial 

inflow ones. We are incline to use the latter because they bring lots of benefits such 

as: higher efficiencies for low power outputs, high reliability, better efficiencies at 

off design conditions and can handle in a better way the small mass flow rate re-

quested for this application. They are also easy to manufacture, smaller and 

cheaper than the axial ones. On the other hand we are faced with an hard to cool 

down and difficult to be put in series machine. 

 To check if radial turbines are suitable for our purposes, and to check which, be-

tween the various setups of generators is the best to be used in our situation, we 

plot the machine numbers Ns (specific speed) and Ds (specific diameter) on a tur-

bine chart. These numbers are calculated as previously done in the compressor de-

sign chapter. 

 

5.1 Machine numbers and configuration selection 

5.1.1 Generator on LP-shaft 

As seen the configuration used presents the following Specific speed and diameter, 

reported in Table 5.1. 

Table 5.1: Machine numbers 1st configuration 

Machine numbers LP turbine HP turbine 

Ns 17.89 47.01 

Ds 6.05 2.30 

Efficiency 0.4 0.8 

 



 

Figure 5.1: Turbine chart for generator on LP-shaft: HP in orange, LP in red 

We can see from Figure 5.1 the high-pressure turbine falls exactly in the radial tur-

bine section of the chart, and it seems to have a correct total-to-total efficiency 

value around 0.8. We can calculate this efficiency by means of the following for-

mula: 

ŋ𝑡,𝑡 =
1

1
ŋ𝑖𝑡

+
𝐶3

2

2 ∙ 𝑐𝑝 ∙ (𝑇01 − 𝑇03)

 
(5.1) 

In the first place, with the data we own, this efficiency value is about 0.83, similar 

to the one found in the chart. The low-pressure turbine instead presents a low value 

of specific speed, causing the efficiency to be distant from the one calculated, but 

still inside the usage of the radial turbine instead of the axial ones. 

 

5.1.2 Generator on HP- shaft 

In the second configuration possible the generator is keyed on the high-pressure 

shaft, with the corresponding turbine that drives it, while the LP-turbine drives the 

compressor only. 

Down here are reported machine numbers and turbine chart. 

Table 5.2: Machine numbers 2nd configuration 

Machine numbers LP turbine HP turbine 

Ns 102.55 18.33 

Ds 1.05 5.91 

Efficiency 0.8 0.4 
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Figure 5.2: Turbine chart for generator on HP-shaft: HP in orange, LP in red 

We can see that the chart is similar to the one presented above, with machine num-

bers inverted between the two stages. The low-pressure turbine has an efficiency 

of 0.8 exactly centred on the radial turbine usage. On the other hand, the high-

pressure turbine due to the work needed to spin the generator has a smaller spe-

cific speed and higher specific diameter that brings the efficiency down, at values 

around 50%, as similarly done in the previous setup.  

 

5.1.3 Two-generators configuration 

The last configuration analysed is the one with two generators, one for each shaft, 

connected in parallel. 

Table 5.3: Machine numbers 3rd configuration 

Machine numbers LP turbine HP turbine 

Ns 31.81 26.36 

Ds 3.41 4.11 

Efficiency 0.5 0.5 

 



 

Figure 5.3: Turbine chart for generator on both shafts: HP in orange, LP in red 

In this case the numbers are similar to each other, so it looks like this is the most 

balanced setup. But due to the power drawn from the generators, the efficiencies 

found in the graph are far from the ideal ones we want for our turbines, with values 

between 0.4 and 0.5. 

 

5.1.4 Final considerations 

In my opinion, the last arrangement can be excluded seen the lower values of the 

efficiencies, and the fact that two generators are bulkier and difficult to be oper-

ated in parallel. The choice needs to be done between the first two setups, that are 

similar to one another, with at least one turbine at the desired efficiency. At this 

point the implementation of the first one instead of the second one, falls back to 

overall dimensions, weights, and efficiencies of the generator, with one that is 

clearly preferrable as discussed in the previous comparison. 

Therefore, two radial inflow turbines will be used, the first one will only be used to 

spin the HP-compressor, while the second one will provide also the power needed 

to run the electric generator. 
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5.2 General geometry 

As can be expected, the 

geometry of a radial in-

flow turbine is very simi-

lar to the compressor 

one, but the fluid, in this 

case combustion gasses, 

enters from the volute 

passes through the sta-

tor/nozzle vanes which 

provides the right angu-

lar momentum and accelerates the flow at the right speed. The combusts then en-

counter the rotor which will be forced to spin thus reducing the pressure of the 

fluid and as a result the temperature. Blades are usually straight and radial. All these 

parts are showed in Figure 5.4. 

The flow exits axially at lower radius, making a 90° turn, and is channelled to go to 

the next stage or into a nozzle that accelerate the air providing, in our case, a little 

bit of thrust. There can be a little diffuser downstream the rotor to slow the fluid 

down to a usable value. 

 

5.3 High-pressure Turbine 

We want our turbine to be as efficient as possible, and in this paragraph we are 

going to define the main geometrical characteristic of the turbomachine and the 

thermodynamic properties at each step to ensure a high efficiency engine.  

The high-pressure turbine is the first thing the fluid encounter after the combustion 

chamber, it is keyed on the same shaft of the compressor, hence it has the same 

rotational speed. 

We present down here the main parameters at the entrance and exit of the turbine: 

- Total inlet Temperature T01= 1503 K 

- Total inlet Pressure P01= 788100 Pa 

- Flow density ρ= 1.743 Kg/m3 

- Mass flow rate �̇�=0.2695 Kg/s 

 Figure 5.4: Geometry of a turbine impeller 



- HP compressor power 49.788 kW 

- 78833 rpm 

 
Cp, k and R are calculated at each step as seen on Appendix A. 

In order to start the preliminary design, we have to define few dimensionless pa-

rameters that we will use: 

- Stage Loading: it is a measure of the load on a turbomachine, and it is de-

fined as in the equation below, with the right term that is negligible 

𝜓 =
𝐶2𝑢𝑈2 − 𝐶𝑢3𝑈3

𝑈2
2 ≈

𝐶2𝑢

𝑈2
= 0.8 ÷ 1 (5.2) 

We will choose a value of 1. 

- Flow coefficient:  

𝛷 =
𝐶3𝑎

𝑈2
= 0.3 ÷ 0.4 (5.3) 

We will choose a value of 0.35. 

- Rotor meridional velocity ratio:  

𝜉 =
𝐶2𝑟

𝐶3𝑎
≈ 1 (5.4) 

Other two parameters that we are going to use are: 

- 
𝒓𝟑𝒉

𝒓𝟐
=  0.25 

- ŋ𝒕𝒕 = 0.88 

5.3.1 Design steps 

These steps follow the design process found in reference [9]. 

Knowing the power that needs to be generated from this turbine because it is equal 

to the power requested from the compressor, the enthalpy drop can be calculated 

and therefore the exit temperature can be found. 

𝑃 = �̇�𝑐 ∙ 𝑐𝑝 ∙ (𝑇01 − 𝑇03)   →  𝑇03 = 𝑇01 − 
𝑃

𝑐𝑝 ∙ �̇�𝑐
 (5.5) 

The rotor tip speed U2 also derives from the enthalpy drop, and remembering the 

flow coefficient formula, the exit axial speed C3a is found: 
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𝑈2 = √∆𝐻            𝐶3𝑎 =  𝛷 ∙ 𝑈2 (5.6) 

Here an approximation is done defining C3=C3a thus imposing that the flow exits the 

rotor completely axial and without any swirl. 

Now we assume the blades to be radial at the inlet of the rotor because they pro-

vides the best condition with respect to stressing. Usually in this case is then as-

sumed that the inlet relative velocity is aligned with the blades (to obtain the best 

efficiency) thus imposing 𝜓 = 1 and therefore β2=0, obtaining a simple right veloc-

ity triangle at the inlet. But as said in reference [10] it has been shown that a signif-

icant incidence angle occurs in this case. In the same paper a formula for the abso-

lute and relative velocity angles is obtained in function of the number of blades (in 

our case 15): 

cos 𝛼2 =
1

√𝑛
              𝛽2 = 2 ∙ (90° − 𝛼2) (5.7) 

We can now redefine the stage loading as 𝜓 = cos 𝛽2. This will allow us to calculate 

the velocity at the inlet and therefore plot our velocity triangles. 

𝐶2𝑢 =  𝜓 ∙ 𝑈2            𝐶2𝑟 = 𝜉 ∙ 𝐶3𝑎  

𝑡ℎ𝑢𝑠    𝐶2 = √𝐶2𝑢
2 + 𝐶2𝑟

2  
(5.8) 

Thermodynamical properties before and after the rotor are found as done in a sim-

ilar way in the compressor stage design, using the efficiency. The geometrical pa-

rameters such as entrance area, rotor inlet diameter and inlet width are calculated 

as such: 

𝐴2 =
�̇�𝑐𝑅𝑇02

𝑃2𝐶2𝑟
,     𝑟2 =

𝑈2

2𝜋 ∙ 𝑟𝑝𝑚
,       𝑏2 =

𝐴2

2𝜋𝑟2
 (5.9) 

And for the outlet geometries: 

𝐴3 =
�̇�𝑐𝑅𝑇3

𝑃3𝐶3
,     𝑟3ℎ = 0.25 ∙ 𝑟2,       𝑟3𝑡 = √

𝐴3

𝜋
− 𝑟3ℎ

2 ,       𝑏3 = 𝑏2 (5.10) 

Since the flow exits completely axial, there is no need to calculate 𝛼3, 𝛽3instad is 

defined as: 



𝛽3 = tan−1
𝑈3

𝐶3
 (5.11) 

Knowing all the angles, we obtain the velocities and Mach number at the exit. 

𝑈3 = 𝜋(𝑟3ℎ + 𝑟3𝑡) ∙ 𝑟𝑝𝑚,    𝑊3 = 𝑈3 ∙ csc 𝛽3 ,    𝑀3 =
𝐶3

𝑘 ∙ 𝑅 ∙ 𝑇3
 (5.12) 

Down here in Table 5.4-5-6and Figure 5.5Figure 5.5 we present the results obtained 

after this procedure and the velocity triangle at entrance and exit of the rotor. 

Table 5.4: Geometrical Data HP turbine 

Geometrical Data 

Rotor Inlet  Rotor outlet 

A2[m] 0.0015  A3 [m2] 0.0016 

d2[cm] 10.41  R3h [cm] 1.3 

B2[mm] 4.5  R3t [cm] 2.58 

α2 [°] 75.04  β3 [mm] 4.5 

β2 [°] 29.92  α 3 [°] 0 

   β3 [°] 46.83 

 

Table 5.5: Velocity Data HP turbine 

Velocity Data 

Rotor Inlet  Rotor outlet 

C2r [m/s] 120.35  C3a [m/s] 150.44 

C2u[m/s] 372.51  C3u [m/s] 0 

C2 [m/s] 391.47  C3 [m/s] 150.44 

U2 [m/s] 429.82  U3 [m/s] 160.36 

W2 [m/s] 133.30  W3 [m/s] 219.88 

M2 [] 0.53  M3 [] 0.21 
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Table 5.6: Thermodynamical Data HP turbine 

Thermodynamical Data 

Rotor Inlet  Rotor outlet 

T2 [K] 1449  T3 [K] 1365.4 

P2 [Pa] 663200  P3 [Pa] 470390 

ρ2 [kg/m3] 1.7427  ρ3 [kg/m3] 1.145 

 

 

Figure 5.5: Velocity triangles HP rotor 

It must be said that we have decided to opt for straight radial blades, but knowing 

the relative angle β2, the incidence angle i and the deviation angle δ3 at the exit, the 

blades angles could be calculated. In this way the flow is better channelled, we 

could have lower losses and therefore higher efficiencies. 

 

5.3.2 Stator Vanes  

Regarding the nozzle/stator geometrical design, most of the works found in litera-

ture, presents a CFD based design. Aungier in [11] tries a different approach and 

puts two major constraints: 

- Inlet to outlet nozzle radius ratio 1.1 <
𝑟1

𝑟2
< 1.7 

- Number of stator blades < 30 

- Blade angle with respect to the tangent β > 5°  

                        

                          

    

    

    

   

 

  

   

   

 
 
 
  
   
  
 
 
   
 
  
 
  
 

                       

 
 

 
 

 
 

 
 

 
 

 
 



 

After defining a vaneless space between rotor and stator, whose radius is 1.05 

times the inlet diameter of the rotor, we follow those constraints opting for a radius 

ratio of 1.3 and 19 blades and obtaining the following results: 

- Diameter of the machine  𝐷1 = 13.67 𝑐𝑚 

- Interpalar distance at stator exit 𝑆 = 1.81 𝑐𝑚  

 

5.4 Low-pressure Turbine 

The same process has been followed for the design and geometrical dimension es-

timation of the low-pressure stage of the turbine. The initial assumptions are dif-

ferent and this time we know the temperature at the exit of the turbomachine. 

Therefore, we can calculate directly the enthalpy drop without having to know the 

power requested by the compressor.  

Here we report the initial data and hypothesis: 

- 60000 rpm 

- Total inlet Temperature T01= 1373.3 K 

- Total inlet Temperature T01= 942.04 K 

- Total inlet Pressure P01=474770  Pa 

- Flow density ρ= 1.147 Kg/m3 

- Mass flow rate �̇�=0.2695 Kg/s 

- Flow coefficient 𝛷 = 0.35 

- Rotor meridional velocity ratio 𝜉 = 1 

- 
𝑟3ℎ

𝑟2
=  0.25 

- ŋ𝑡𝑡 = 0.88 

- Number of rotor blades n=17 

- Number of stator blades  Nn= 21 

 

 

 

5.4.1 Results  

Main results for geometry, speeds and thermodynamical properties, as well as ve-

locity triangles are stated here in table 5.7-5.9 and Figure 5.6. 
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Table 5.7: Geometrical Data LP turbine 

Geometrical Data 

Rotor Inlet  Rotor outlet 

A2[m] 0.0018  A3 [m2] 0.0051 

d2[cm] 24.74  R3h [cm] 3.09 

B2[mm] 2.4  R3t [cm] 5.09 

α2 [°] 75.96  β3 [mm] 2.4 

β2 [°] 28.07  α 3 [°] 0 

   β3 [°] 43.37 

 

Table 5.8: Velocity Data LP turbine 

Velocity Data 

Rotor Inlet  Rotor outlet 

C2r [m/s] 217.65  C3a [m/s] 272.07 

C2u[m/s] 685.88  C3u [m/s] 0 

C2 [m/s] 719.59  C3 [m/s] 272.07 

U2 [m/s] 777.33  U3 [m/s] 256.98 

W2 [m/s] 236.09  W3 [m/s] 374.25 

M2 [] 1.07  M3 [] 0.46 

 

Table 5.9: Thermodynamical Data LP turbine 

Thermodynamical Data 

Rotor Inlet  Rotor outlet 

T2 [K] 1188.5  T3 [K] 915.62 

P2 [Pa] 242230  P3 [Pa] 53248 

ρ2 [kg/m3] 1.149  ρ3 [kg/m3] 0.1933 

 



 

Figure 5.6: Velocity triangles LP rotor 

As previously, here are reported the results for the Stator ring geometry. 

Table 5.10: Nozzle data LP turbine 

Nozzle Data 

D1 [cm] 28.19 

S [cm] 3.89 

 

As can be seen the second stage is bigger than the first one because it completes 

the enthalpy drop and provides the power for both compressor and electric gener-

ator. It is more than 2 times bigger than the high pressure one and it produces a 

net power of 162.85 kW that transforms to a net power available for the generator 

taking into account mechanical efficiencies of about 122 kW. 

Comparing turbines and compressors we can see that High Pressure ones have 

smaller diameters and dimensions that are comparable. Low pressure tur-

bomachines instead as expected differs a lot because the turbine has to drive the 

generator. 

A partial solution to this difference that could cause geometrical and fitting prob-

lems, is to use two electrical generators, one for each shaft. In this way we could 

split the enthalpy drop in equal parts for the two turbines, hence having a bigger 

HP turbine but a smaller LP turbine.   

With some fast calculation this option has been carried out showing that the rotor 

of the first stage would be about 4 cm bigger (around 14cm), instead the rotor of 

the second stage results to be 6 cm smaller (about 19 cm).  
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The main problem of this configuration is the higher weight and space required to 

place the second generator, and the fact that you have to synchronize the current 

outputs at the exit, adding more losses.  

For these reasons this option has been discarded. 

 

5.5 Material Selection 

Choosing the material for a turbine is not as simple as it might seems. The gasses 

entering the first stage in our case have a temperature around 1503 K high enough 

to melt most of normal materials or to lower down their mechanical properties suf-

ficiently to prevent us from using them because they can’t withstand the high 

stresses to which they are subjected.  

On one hand, we’ve deliberately chosen a total inlet temperature (TIT) this high to 

take the most advantage from the fuel and to complete the combustion in order to 

have lower emission and lower SFC. On the other hand, we don’t want to use tech-

niques to cool the blades as done in most of the aeronautical engine today, because 

our rotor is really small and holes or channels to pass a cold flow would be difficult 

to manufacture and could lead to mechanical weakening. Furthermore, it will re-

duce the mass flow entering in the engine. This are the main reason why blade/ro-

tor cooling is not used in radial turbines.  

The main features that a material must have to be a suitable candidate for radial 

turbine usage are: 

- High temperature resistance 

- Creep resistance 

- Fatigue resistance 

- Corrosion and oxidation resistance 

- Small thermal expansion coefficient 

- Impact and shock resistance 

- Low density 

- Good machinability 

 

All these features are difficult to be found in a unique material, and the engine 

manufacturers usually use alloys. In this case Nickel superalloys are the most ap-

propriate for the high temperature and corrosive environment. As today, engine 



manufacturer like General Electric and Rolls-Royce uses various types of alloys 

based on nickel for their turbine blades: Rene, CSMX, Inconel and Waspalloy. This 

are usually coated with rare earth such as Molybdenum, Chromium, Niobium and 

Yttrium, to avoid corrosion and are cooled down by mean of an air flow passing 

inside of the blade.  This allows for smaller temperature gradients and reduces de-

formations. 

 

In the last 40 years two materials have been found to be suitable for high temper-

ature applications: Silicon Carbide (SiC) and Silicon Nitride (Si3N4). The second one 

presents good mechanical properties that remain stable at elevated temperatures 

well above our peak temperature of 1500 K. Based on the method of manufacturing 

of these particular alloys (Reaction bonded, sintering, Hot isostatic pressing) there 

is a slightly variation of their properties, with major corrosion resistance or higher 

mechanical resistance improvement.  We report in  

Figure 5.7 thermophysical and mechanical properties of this advanced ceramics ma-

terials. 

 

 

Figure 5.7: table with Ceramic material properties, and subsequent temperature strength graph; 
(RB= reaction bonded, HP= hot isostatic pressing, S=sintering) 

As can be seen Si3N4 and SiC presents higher strength over 1200°C in respect to 

Nickel based superalloys currently used in aeronautics. Corrosion resistance is as-

sured for this material, the only problem are impact resistance and brittleness. In 
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aeronautics these are a major concerns, because if the turbine breaks the engine 

stops working and the plane falls from the sky. It is also the main reason for the 

little use of this material as today. 

NASA and other researchers to solve this problem introduced and developed Ce-

ramic Matrix Composites (CMC). These materials have a core of one of the alloys 

listed before, but they are reinforced with carbon fiber or other high shock re-

sistance material. 

In reference [12] a 100kW automotive gas turbine engine was developed, with a 

TIT of 1350°C (1623 K) was tested using a small turbine made of monolithic ceramic 

material or by CMC with different kinds of reinforcements such as fibers, particle 

and wiskers. The turbine used has dimensions similar to our high-pressure stage. 

The aforementioned engine undergoes several tests at the highest temperature, 

showing that this composite material can overcome all the problems of the ceramic 

ones such as particle impact, and hot corrosion even providing a better strength 

and creep resistance Figure 5.8. 

 

 

Figure 5.8: Strength variation with temperature for ceramics materials 

Therefore, for our high-pressure turbine this material will be used ensuring high 

reliability, shock and fatigue resistance.  

The only thing that needs to be considered is the manufacturing: we want to avoid 

defects that could cause poor mechanical characteristics. Therefore, if sintering or 



3D printing is used, raw material needs to have the best quality. Inevitably, the costs 

will go up, but they could be balanced by raising the turbine inlet temperature. 

 

The LP-turbine undergoes fewer stresses and lower temperature, allowing us to use 

Nickel based superalloys, that have been tested and used in the past 20 years al-

lowing us to have a reliable and consistent stage, easier to be manufactured with-

out defects or inclusions.  
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6 Shaft design 

Once designed the turbomachinery we proceed with the design of both the shafts 

used in our engine, to have an idea of the dimensions, weight of a shaft capable to 

withstand high rotational speeds and moment generated from the turbomachines. 

A shaft is a rotating member, in our case of circular cross section that is used to 

transmit power and motion. 

 Since we are trying to build a low weight and compact engine, we will try to make 

the shaft as small as possible. Having decided to use two parallel shaft means that 

we can decide to reduce as much as possible the dimensions of one of them, be-

cause combustion chamber and recuperator will be placed around the other one. 

Basically, we will have LP compressor and turbine near each other with a small shaft 

in between, the HP one instead will be longer.  

 

6.1 Material selection 

The first step of shaft design is the choice of the material. There are few important 

properties that a material needs to meet to be eligible for use in a gas engine. The 

high rotational speed requires greater strength, and capacity to withstand applied 

loads, good elastic modulus, fatigue resistance, corrosion resistance, but also good 

machinability. Usually low-medium content carbon steels are used, alloyed with 

nickel chromium, or vanadium, to avoid oxidation and corrosion. 

As we can see from Figure 6.1: Low carbon steels material properties, their Yield 

strength varies between 200 and 600 MPa thanks to the presence of carbonium. 

Other materials such as titanium alloys (grade 5 and 6) could be used in case high 

strength are required, but stainless steels should be good enough for our purposes 

and looking at costs seen that titanium is expansive to buy and manufacture, we 

will be able to significantly cut them using steel. 

For both shafts the choice fell on C40 carbon steel or its equivalent AISI 1040. 

 



 

Figure 6.1: Low carbon steels material properties 

 

6.2 High-pressure shaft 

Since the engine will work always at the same rotational speed, we can assume that 

loads applied to the shaft will be static. The high-pressure shaft is evaluated as if it 

is subject only to torsional loads because bearings (that acts as constraints) will be 

placed near the turbomachines cancelling bending moments. 

In reference [13] a relationship for the diameter of the beam in function of torsional 

moment and maximum shear stress is found: 

𝑑3 =
16

𝜋
∙

𝑀𝑡

𝜏𝑚𝑎𝑥
 (6.1) 

𝑤𝑖𝑡ℎ  𝑀𝑡 =
𝑃𝑜𝑤𝑒𝑟 ∙ 60

2𝜋 ∙ 𝑟𝑝𝑚
,      𝜏𝑚𝑎𝑥 =

𝜎𝑠

2 ∙ sf
 (6.2) 

 

Using AISI 1040 and an high safety factor (sf=5) to avoid problems and to count 

forces/moments that we did not predict we obtain the following results: 

- Shaft diameter d=0.010 m 

- Torque moment  𝑀𝑡 = 6.03 Nm 



81 
 

As we can see, the diameter seems to be really small but in line with the other 

dimensions of the high-pressure components, therefore to avoid problems like 

buckling it needs to be as short as possible.  

 

6.3 Low-pressure shaft 

For this shaft we will be considering also bending moments, because of the high-

speed electric generator attached to the shaft. Assuming the weight of the genera-

tor to be around 10kg at a distance of 0.2m from the nearest bearing (constraint) 

we can write: 

𝑀𝑏_𝑚𝑎𝑥 = 𝐹 ∙ 𝑙 =  20 𝑁𝑚 (6.3) 

The torsional moment is calculated as before paying attention to use the right rpm 

(60000) and power.  

In the case of bending and torsion happening together, the formula to obtain the 

diameter is slightly different: 

𝑑3 =
16

𝜋
∙

𝑀𝑡𝑒

𝜏𝑚𝑎𝑥
     →    

   𝑤𝑖𝑡ℎ  𝑀𝑡_𝑒 = √𝑀𝑡
2 + 𝑀𝑏

2     𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑡𝑤𝑖𝑠𝑡𝑖𝑛𝑔 𝑚𝑜𝑚𝑒𝑛𝑡 

(6.4) 

 

Or  

𝑑3 =
16

𝜋
∙

𝑀𝑏𝑒

𝜏𝑚𝑎𝑥
    →  

𝑤𝑖𝑡ℎ  𝑀𝑏𝑒
=

1

2
∙ [𝑀𝑏 + √𝑀𝑡

2 + 𝑀𝑏
2]   𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡  𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑚𝑜𝑚𝑒𝑛𝑡 

(6.5) 

The two results obtained using a safety factor of 3 are a bit different, 1. 38 cm using 

the equivalent twisting moment, and 1.62 cm with the equivalent bending mo-

ment. The bigger one will be used to maintain a conservative margin, and because 

currently on the market, the nearest diameter dimension is 0.016 m. 

 

6.4 Final considerations 

To support the rotational components of the engine both axially and radially hence 

improving shaft stability, bearings are placed near the coldest part of the 



turbomachine (before the compressor and after the turbine), to avoid misfunction-

ing. Roller and ball bearings are used. A structural analysis should be performed to 

decide the correct positions. 

This is just a preliminar analysis to give an estimate of the dimensions of the shaft 

that will allow us to calculate weight and overall dimensions, and it can’t be consid-

ered satisfactory. Before confirming this, a finite element analysis should be carried 

out, with a focus on natural frequencies estimation to avoid resonance problems. 
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7 Combustion chamber design 

Combustion chamber is a crucial piece of a gas turbine engine, in here fuel is added 

and through an igniter the combustion is fired generating, through an exothermic 

chemical reaction, huge quantities of heat that brings fluid temperature up of hun-

dreds of degrees, providing to the airflow the energy necessary to drive the turbine.  

It is usually situated between compressor and turbine (in our case ahead of the 

entrance the flow passes through the recuperator) and delivers to the high-pres-

sure turbine a gas flow at high velocity and temperature. 

We want to design the best combustor for our applications, and to do so we need 

to satisfy a lot of requirements that are going to limit our freedom of design. Start-

ing with a high efficiency combustion, we want to have as low-pressure losses as 

possible, a small fuel consumption, low pollutants emissions, high maximum tem-

perature, complete combustion, but also ability to use the different kinds of fuel 

purposed, minimum costs and maintenance. 

The first step is to select the chamber architecture between the most used nowa-

days: 

- Tubular: made by one or more cylindrical chambers fitted radially around 

the shaft each one with its own stream, flame tube and air chasing. They 

are interconnected to uniform pressure, temperature e to spread the flame 

Good efficiency and ease to reparir but heavy and with high pressure loss 

- Annular: it’s the most used in today’s engines. The flame tube is restrained 

between and internal and external chasing. It is smaller, lighter, and more 

efficient than the first one, but it is not reparable. 

- Tubo-annular: it is a mix of the first two configurations, with an external 

liner in common for all the chambers. 

 

Another parameter to choose is whether we want the flow to enter the chamber 

directly or from the end of the chamber (Reverse flow). 



  

Figure 7.1: types of combustion chambers [14] 

After some considerations, and looking at other microturbines available on the 

market, an annular reverse flow combustion chamber has been chosen because it 

allows for lower pressure losses, smaller dimensions and therefore shorter shaft 

and overall configuration, that in a light aircraft is fundamental. The reverse flow 

permits a smaller frontal area and consent a better overall positioning of the recu-

perator. 

7.1 Geometry and Working principle 

As can be seen in Figure 7.2, a combustion chamber is composed by an elevated 

number of parts. The air flow exiting from the recuperator enters the chamber 

through a diffuser that reduces it’s velocity to a suitable one in order to have the 

best combustion speed and to avoid the flame blow-off. (if the speed is too high or 

slow the combustion stops) 

A swirler is put at the entrance to 

create recirculation areas where 

the flow is turbulent and the fuel 

that enters from the nozzle (sim-

ple, duplex…) is better mixed with 

the air. An igniter similar to auto-

motive candles, unleash the spark 

and starts the combustion. The 

chemical reaction take place in-

side the liner, that can be divided in 3 areas: 

 Figure 7.2: combustion chamber geometry 
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- Primary zone: where the complete combustion of the blend happens 

- Secondary zone: where there is an input of clean air to bring temperature 

down and complete the combustion if there is any excess of fuel 

- Dilution zone: where the last part of air enters, to allow a further lowering 

of the temperature to make it acceptable to enter the turbine. 

With these three zones we manage 

to have a complete combustion of 

all the hydrocarbons thus reducing 

the emissions of NOx and CO2 that 

is feasible only in a short range of 

temperature (Figure 7.3), higher 

than the one tolerable by the tur-

bine. 

The eventual problem will be to 

find the right materials and cooling 

techniques to avoid the melting and 

reduction of mechanical proper-

ties. 

In the next paragraph based on all the things seen so far, a dimensional design will 

be carried on, and dilution rates will be decided. 

 

7.2 Dimensional Design 

In a real combustor one of the most important things to keep under control is the 

ratio between the fuel mass rate and the quantity of air that arrives from the com-

pressor, because a higher quantity of air makes the mixture too lean to be flamma-

ble, but a richer mixture generates unburnt species and raise pollutant emissions. 

In aeronautics for this reasons it is necessary to assure that the combustion reaches 

values that are almost stoichiometric, and that the percentage of fuel in the mixture 

stays between the inflammable limits of the fuel, that in our specific case (Methane) 

are 4.4% to 17% with the first one that represent the lover limit value, instead the 

latter represent the explosion limit of the mixture. 

 

Figure 7.3: pollutants emission in function of tempera-
ture [17] 



The equivalence ratio is defined to understand if a combustion is stoichiometric or 

not as: 

𝜑 =
f

fst
=

0.0244

0.0581
= 0.42 (7.1) 

With f being the ratio between fuel flow rate and air flow rate, and fst the same but 

in stoichiometric values.  From the value of ϕ we can understand that our mixture 

is far from being stoichiometric, it is lean and even outside of the flammable limit 

of methane. For this reason, the airflow entering the combustor will be divided be-

tween the three zones, to have the best combustion possible. The lower flammable 

limit is around ϕ=0.75 but in order to have a near stoichiometric reaction an equiv-

alence ratio of 0.9 will be used. Therefore, the percentage of air to enter the pri-

mary zone will be calculated as such: 

ṁprimary_zone =
ṁf

𝜑 ∙ fst
= 0.1228 kg/s (7.2) 

With the obtained result we can affirm that the 46.67% of the flow coming from 

the compressor directly enters the combustion chamber. To calculate the other two 

air flows for the secondary and dilution zone we have to define how big will be the 

cooling flow. To do so, the cooling effectiveness is determined as: 

𝛷 =
𝑇𝑔  − 𝑇𝑚

𝑇𝑔 − 𝑇𝑐
= 0.33 (7.3) 

Where Tg is the primary zone gas temperature, Tm is the average metal temperature 

(we can use the exit temperature of the combustion chamber) and Tc is the cooling 

air temperature that we take equal to the Temperature of the air entering the com-

bustion chamber. 

We want Tg to be between 1700 K and 1900 K because as we can see in Figure 7.4, 

this is the range to have minimum pollutants emissions and a good and complete 

reaction. This is not easy to obtain because in stoichiometric conditions the flame 

temperature of methane reaches, at ambient pressure, temperatures over 2100 K, 

temperature that gets higher with the high pressure in the combustion chamber. 

We choose a value for Tg of about 1800 K, with this estimate if we decide to proceed 
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with a film cooling, an airflow of �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 0.021𝑘𝑔/𝑠 (8%) is obtained from the 

graph in Figure 7.5. 

 

Figure 7.4: Flame temperature vs eq. ratio 

 

Figure 7.5: percentage of cooling air vs eq. ratio 
[14] 

 

Therefore, an airflow of 0.1192 kg/s (45.33%) remains to be divided between pri-

mary and dilution zones, to cool down the flow and complete the combustion. Most 

of that will go into the dilution zone. 

Having divided the airflow, we proceed to calculate the actual dimension of the 

combustor using empirical formulae developed by Sawyers [15] and Lefebvre [16], 

as found in reference [17]. We begin calculating the frontal area (complete with 

casing) knowing as suggested by Sawyers that the liner area is about 0.6-0.7 times 

the reference one. 

𝐴𝑟𝑒𝑓 = [𝑅 ∙ (
�̇�𝑎𝑖𝑟√𝑇3

𝑃3
)

2

(
∆𝑃3−4

𝑞𝑟𝑒𝑓
) (

𝑃3

∆𝑃3−4
)] = 2.13𝑒 − 3𝑚2 (7.4) 

𝐴𝑙𝑖𝑛𝑒𝑟 = 0.65 ∙ 𝐴𝑟𝑒𝑓 = 1.386𝑒 − 3𝑚2 (7.5) 

Where the values of data behind parenthesis are empirical and presented in Table 

7.1. 

Table 7.1: Pressure losses for various type of combustion chamber 

 



Since it is an annular combustor, we decide to put its inner diameter at 3.5 cm thus 

we can derive the outer diameter from the annulus area formula. 

Following those sources, we determine the length of primary, secondary and dilu-

tion zone with the following assumptions: 

- Primary Zone 2/3 or ¾ of total diameter 

- Secondary Zone ½ liner diameter 

- Dilution Zone 1.5-1.8 times liner diameter 

For the primary zone, the bigger value is used because a longer zone traduces in 

longer residency values that leads to lower emissions. For the dilution zone an 

equation was found in literature providing the dimensions in function of liner diam-

eter and a Pattern factor (PF) that  seen how we took the values, is basically the 

cooling effectiveness (Φ) seen before.  

𝐿𝐷𝑍

𝐷𝑙𝑖𝑛𝑒𝑟
= 3.83 − 11.83 ∙ 𝑃𝐹 +  13.4 ∙ 𝑃𝐹2 (7.6) 

 

Table 7.2: Dimensions of combustion chamber 

Diameter [m] 
Primary zone 

[m] 

Secondary 

zone [m] 

Dilution 

zone [m] 

Total length 

[m] 

0.079 0.059 0.038 0.0679 0.165 

 

7.3 Other considerations 

Seen that the air flow arrives at the combustion stage after having passed the re-

cuperator and remembering that the air exits the compressor at Mach 0.25 we con-

clude the flow moves at an adequate velocity and therefore there is no need for a 

diffuser at the beginning, simplifying the geometry of the chamber. Due to the na-

ture of our engine, that works always at its maximum efficiency and rotates at con-

stant speed, there is no need for a variation of the quantity of fuel entering the 

combustion chamber, to change the power output. Therefore, fuel nozzle could be 

made as simple as possible, without a double channel as in the duplex ones. An-

other way is to incorporate the injectors in the swirler design as done in reference 
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[17], in this way as the air enters, it is mixed in a turbulent flow improving the com-

bustion. 

The residence time of the mixture in the chamber is estimated with the following 

formula: 

𝜏𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑡 =  
𝜌03𝐴𝑟𝑒𝑓𝐿𝑡𝑜𝑡

�̇�3
= 4.6 𝑚𝑠 (7.7) 

Another parameter to look at is the ability of the combustion to sustain itself con-

tinuously with the variation of parameters such as flow rate and pressure varia-

tions, without having the flame blown away or suffocated. To see if our combustion 

is stable, we calculate the combustion loading parameter and we look at Figure 7.6 

which returns us for a phi of 0.9 a stable combustion. 

 

𝐶𝐿𝑃 =
�̇�3

𝑃3
1.8 ∙ 𝑉𝑜𝑙𝑐𝑜𝑚𝑏

= 1.15 

 

[
𝑙𝑏𝑚

𝑠∙𝑓𝑡3∙𝑎𝑡𝑚1.8]      (7.8) 

 

 

 

Figure 7.6: combustor loading parameter for a stable 
combustion 

 

 

7.4 Material selection 

The choice of the material to be used for the liner is a critical one as it changes all 

the efficiencies of the engine, because the higher the temperature in the combus-

tion chamber the better the thermal efficiency is. Due to the high temperature 

reached in the engine currently on the market, it is customary to use nickel based 

superalloys and in general ceramic materials such as Hastelloy X, or Inconel 

625/718 due to their high operational temperature (over 1000°C) and their capacity 

to resist at high thermal stresses, abrupt thermal gradients, fatigue, and high fre-

quency vibrations caused by combustion. Furthermore, the liner is a thin wall 



structure that must resist to a corrosive environment and to high differential pres-

sure. Ceramics are the perfect materials to satisfy these requirements.  

In our case though, we decided to get to an even higher temperature to maximize 

efficiencies and power outputs, fundamental for minimizing pollutant emission and 

taking the best out of a turbogenerator. Our exit temperature is about 1500 K, and 

the flame temperature is over 2000 K, imposing a change of materials. A way to 

solve this problem is to use thermal barrier coatings made of advanced ceramic 

materials. Thermal barrier coatings are widely used to maximize the effects of ex-

ternal cooling air, maintaining metal temperature within creep limits, and helping 

to mitigate thermal gradients. They are usually made of Silicon carbide, silicon ni-

tride or zirconium dioxide. The latter seems to be the most promising one, seen 

that it has good mechanical properties at over 2000°C and its structure is main-

tained at lower temperature when stabilized with Yttria. Our combustion chamber 

will be made of multiple layers as we can see in Figure 7.7, with a nickel superalloy 

giving mechanical strength, two substrates to avoid corrosion and to prevent rapid 

changes in mechanical properties of the material, and a thermal barrier of Yttria 

stabilized zirconium. In this way we can guarantee all the requested properties at 

high temperature. Coatings are applied with additive manufacturing techniques like 

diffusion bonding or spraying. 

Figure 7.7: Layers of combustion chamber material 

 

7.5 Emissions & fuels 

As known emission of pollutants and particulate for a gas turbine engine depends 

by many things such as temperature, power requested, equivalence ratio and oth-

ers. Ideally, in a combustion reaction, only water (H2O) and carbon dioxide (CO2) 

are obtained. Those two are not pollutants, but the first, released at high altitude 



91 
 

with temperature below zero, condense creating trails and clouds blocking the sun 

and preventing the regeneration of ozone. The latter is the major responsible for 

the greenhouse gasses (GHG), thus contributes to global warming. Not much can 

be done to reduce the emission of this elements because they are the natural prod-

uct of combustion, except reducing overall consumptions, that is one of the objec-

tives of this work. However, the real combustion reaction of a hydrocarbons is the 

one reported here: 

𝐶𝐻2 + 
3 

2
∙ (𝑂2 + 3.76𝑁2) →  𝛼1𝐶𝑂2 + 𝛼2𝐶𝑂 + 𝛼3𝐻2 + 𝛼4𝐻 + 

+𝛼5𝐻2𝑂 + 𝛼6𝑂𝐻 + 𝛼7𝑂2 + 𝛼8𝑂 + 𝛼9𝑁2 + 𝛼10𝑁𝑂 + 𝛼11𝑁𝑂2  
(7.9) 

We can observe that other chemical species are generated, which, even if in small 

quantities, are pollutants. The biggest problems are caused by Nitrogen oxides 

(NOx), particulate matter, carbonium oxide (CO) and unburned hydrocarbons 

(UHC). The production of NOx should be avoided because it contributes to smog 

production, ozone, acid rain and produces nitrates that alter the environmental 

equilibrium; carbonium monoxide constitutes a problem for human respiration, 

and huge quantities are lethal. 

 

Figure 7.8: Emissions as function of eq. ratio 
[9] 

 

Figure 7.9: Emissions as function of power [16]  

 

The graph reported (Figure 7.4, Figure 7.8, Figure 7.9) shows that the production of 

this pollutants behaves in an opposite way: to reduce NOx we should have a fast 

and cold combustion (thus a small power request), this leads to a high emission of 

CO and UHC caused by an incomplete combustion of the entire fuel. On the other 

hand, to reduce UHC an CO there should be a high temperature combustion (with 



a high power request) and therefore a long residence time in the combustion cham-

ber. To get the lowest emission usually NOx are limited using in the primary zone a 

lean mixture (between 0.8-0.9) and high temperature in the range between 1700-

1900 K to assure the complete burn of hydrocarbons. The lean mixture will make 

the flame less stable, but with swirler, recirculation zones and flame holders can 

improve stability and complete combustion. 

Another method to reduce emissions and consumption is to use high performance 

and natural fuels. Nowadays, if a combustion chamber is properly designed, its per-

formance and operating characteristics, are not sensitive of the type of fuel used 

[9] [18], at least during cruise. We did all the calculations for this engine using me-

thane natural gas as fuel, but other fuels such as Biodiesel, Bioethanol and SAF have 

been employed to calculate fuel consumption. 

We chose these four fuels because differently from Kerosene (JET A-1) commonly 

used in aircraft, they don’t derive from hydrocarbons because they derive from bi-

ological sources that are sustainable, with the exception of Natural gas. Some con-

siderations and pros and cons of those fuel are reported here below. 

- Natural Gas (Methane): this has been chosen to be the main fuel for our 

engine due to its high energy content with respect to every other fuel, and 

because it presents lower CO2 emissions. It is considered a fossil fuel but 

allows us to have smaller consumption than other fossil and biomass com-

bustible.  

- Biodiesel: This fuel has been chosen because it is a sulphur free, biode-

gradable, renewable fuel produced from alcohol, vegetable oil or animal 

fats that are usually waste products. It is one of the most promising biofuels 

currently available due to its high heating value and similarity to current 

diesel. As seen in various research [18] [19], the major advantage of this 

alternative fuel is the reduction of CO2 produced. At reference [18], pure 

biodiesel has been confronted with Kerosene and Natural gas showing a 

consistent reduction of UHC, CO and CO2 with respect to kerosene, but also 

to natural gas at the same power output. The NOx production is on the 

contrary a little bit higher but comparable. Seen the calorific value similar 

to Jet A-1 this fuel looks like one of the best options to be used. 
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- Bioethanol: Is the fuel with the lowest calorific value between the chosen 

ones. This comports a higher consumption, and therefore higher emission 

of CO2 for the same amount of energy output [20]. It is produced from ag-

ricultural feedstocks, corns and sugarcane so the native material counter-

balance the carbon dioxide produced during combustion making it almost 

a net-zero carbon emission fuel. In [20] a comparison between natural gas, 

diesel and bioethanol was done showing that it can produce up to 90% less 

NOx and similar emissions of CO2 and H2O, but the higher quantities of fuel 

requested for the same use makes it less desirable to be used. 

- Sustainable Aviation Fuel (SAF): Is a fuel chemically similar to Jet A-1, and it 

is currently used blended with kerosene in some flights because it can be 

used in normal jet engines without any modifications. It was developed 

with the aim to reach net-zero emissions by 2050, it reduces carbon dioxide 

emissions up to 80%. It is produced as the others by agricultural feedstocks 

and waste oils [21]. The other emission of pollutants remains almost un-

changed, with a slightly lower production of NOx and SOx depending by the 

raw material used, and the lower flame temperature reached. 

 

To conclude, all of these fuels are a good alternative to power our light aircraft be-

cause they reduce pollutants emitted at every flight. With the evolution of materi-

als and CFD a lot more can be done in order to improve consumes and emissions. 
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8 Heat exchangers design 

An heat exchanger is a piece of device used to transfer heat between two fluids 

using a combination of convection and conduction, that can be employed both in 

cooling and heating processes. It is made by a high thermal conductivity material 

and can have different setups. At first, they can be classified based on the relative 

motion between the fluids: parallel-flow when the fluids enter from the same di-

rection, counter-flow when fluids enter from opposite direction and cross-flow 

when fluids are perpendicular to one another. 

For our application we are interested in compact heat exchangers therefore we can 

divide them into two types: 

- Shell and tube: they are the simplest of the devices, made of tubes inside 

of which one of the fluids flows, surrounded by a shell where the other is 

introduced. There can be several variations of this type of exchanger mostly 

with a different path of the inner tubes. In order to increase the exchange 

area, fins can be introduced around the tubes, also helping creating turbu-

lence and slowing the fluid down. 

- Plate: these types of devices are amongst the most compact ones; they are 

made of lots of plates stacked together. Between the plates channels are 

formed where one fluid can pass and be cooled down by the other fluid on 

the adjacent channels. Even in this kind of devices fins or wavy surfaces can 

be introduced to improve the exchange area and make the exchanger more 

compact. 

In chapter 3 we have introduced the two heat exchangers used in our engine, in-

tercooler and recuperator, described how they work and where they are placed in 

the cycle. In the next paragraph we are going to decide which type is the best to 

use for aircraft lightweight application and dimension them.  

 

  



8.1 Intercooler 

Starting with the intercooler we have seen that it is an air-to-air exchanger that 

uses outside air to cool down the fluid after the first compressor, in order to have 

smaller dimensions of the compression stages and higher net power available to 

our engine due to the small one requested to spin the compressors. This type of 

heat exchangers are mostly used in automotive application and in turbocharged 

engine. In aeronautics there are few aircraft using them, one of the most famous is 

the P-51 Mustang, but some new prototypes are being developed to adapt this de-

vice in turbofans.  

To have the best efficiency and the 

lowest dimensions we have decided 

to use a cross flow exchanger as 

most of the intercooler available on 

the market and a plate triangular 

finned shaped intercooler. This de-

sign is heavier than a straight tubular 

configuration but allows for a bigger 

exchange area thus reducing the 

overall weight. We based our design 

on a similar one found in reference 

[22]. The main design requirement is 

a 60% effectiveness, in a compact and low weight layout. To find the correct and 

necessary heat exchange area the NTU (Number of transfer Units) method is used. 

This allows to find the rate of heat transfer knowing the effectiveness and the quan-

tity of heat to be exchanged. We used the following equations: 

𝑁𝑇𝑈 =
ln(

1−𝜀

1−𝐶𝑟∙𝜀
)

1−𝐶𝑟
 =1.124 

(8.1) 

𝐴𝑠𝑐𝑎𝑚𝑏𝑖𝑜 =
𝐶𝑚𝑖𝑛 ∙ 𝑁𝑇𝑈

𝑈
= 2,0𝑚2 (8.2) 

 

Figure 8.1: intercooler design 
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Where Cmin is the minimum between the products of mass flow rate and specific 

heat of the two gasses, Cr is the ratio between Cmin an Cmax and U is called heat 

transfer coefficient that usually varies in the range of 100-500 W/m2K. We sup-

posed it to be 150 W/m2K, because similar values were used in other heat exchang-

ers with similar initial hypothesis. 

The material we choose for the element is aluminium because it is lightweight and 

easy to be formed. Dependently from which alloy we chose it can work at temper-

atures higher than 600 K becoming a suitable candidate for our exchanger. Seen its 

density of 2700 kg/m3 and with the hypothesis of 1mm thickness for the exchange 

walls de total weight can be derived as follows: 

𝑀𝑖𝑐 = 𝐴𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 ∙ ℎ ∙ 𝜌𝑎𝑙𝑙 + 5   = 10.39 𝑘𝑔 

 
𝑤𝑖𝑡ℎ  ℎ = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

(8.3) 

 
Where we added 5 kg to account for tubes 

ducts and housing of the intercooler. 

Seen that we use triangular fins like in Fi-

gure 8.2, it is easy to calculate the overall 

dimensions. Every channel would be 4mm 

large (2at) and 6 mm heigh (bt) for a total of 

15 squared layers of 18 cm per side (W=L) 

stacked one over the other in order to cre-

ate the channels. 

A second setup for the intercooler was considered, in order to produce a high effi-

ciency heat exchanger. Looking at the P-51 Mustang the radiator was an air-to-liq-

uid element placed outside of the body of the aircraft. The idea was to use an air-

to liquid intercooler inside the engine, similar to the air-to-air presented before, 

with the fluid that would be taken behind the fans where another heat exchanger 

was placed. In this way the fluid could be cooled down by the air flow passing the 

fans. This hypothesis is a bit complicated but should allow for a more efficient cool-

ing. It was rejected due to the two exchangers needed, a possible problem for a 

light aircraft such ours, and the fact that a radiator behind a fan could ruin the 

thrust providing and important amount of drag. 

  

Figure 8.2: geometrical config. intercooler 
fins 



8.2 Recuperator 

The recuperator as seen is fundamental to improve fuel consumption ant it is al-

ways used for energy production in ground applications since the weight is not a 

problem and neither are the dimensions. In aeronautics this is almost never used, 

due to the poor efficiency reachable with a low volume. With the introduction of 

new advanced materials this element has become possible to be used. 

Since high efficiency recuperators are complicated to develop and design, we de-

cided to use the recuperator used by Capstone in its gas turbines C30 and C65, op-

timized in reference [23]. In this paper the basic recuperator that is a counter flow 

annular heat exchanger is studied and modified to be mounted on a 300 kW engine, 

with pressure drops lower than 5%. Down here design and main parameters are 

reported.  

Table 8.1: Parameters of optimized Capstone recuperator [23] 

 

We can see that the 300kW-engine weights 92 kg and has a mass flow rate entering 

of 1.7kg/s for a 76m2 heat exchange area. 

We know that the weight of a recuperator varies linearly with the density of the 

material of which is composed, the entrance mass flow rate and the efficiency (or 

in our case the NTU that can be easily determined), thus we can write the following 

relation: 

Figure 8.3: Recuperator design 
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𝑀𝑐𝑒𝑟𝑎𝑚𝑖𝑐 =  
𝜌𝑐𝑒𝑟𝑎𝑚𝑖𝑐

𝜌𝑠𝑡𝑎𝑖𝑛𝑙𝑒𝑠𝑠
∙

�̇�

�̇�𝑟𝑖𝑓
∙

𝑁𝑇𝑈𝑐𝑒𝑟𝑎𝑚𝑖𝑐

𝑁𝑇𝑈𝑟𝑖𝑓
∙ 𝑀𝑟𝑖𝑓 (8.4) 

Seen the elevated temperature to which the material undergoes because of the 

gasses exiting the turbine, the material can’t be stainless steel as per the capstone 

prototype, but we can change it to Silicon nitride (Si3N4) as we have seen that it can 

reach temperatures higher than 1200 °C. This material not only has a great high 

temperature mechanical resistance and thermal conductivity, but it is also a light 

material with respect to steel (3300 kg/m3 versus 8030kg/m3 of steel) and allows 

for additive manufacturing production techniques.  

Using also the equation 8.1 and 8.2 we manage to determine all the parameters we 

need: 

- Exchange Area: Ae=10.94 m2 

- Weight: Mceramic= 7.87 kg (to which we will add few kg for housing and 

tubes) 

- Overall diameter D0= 13.72 cm (linear comparison with the diameter of the 

capstone one) 

 

8.3 Final consideration on heat exchangers 

Summing the two weights of the heat exchangers we arrive just higher than 20kg, 

which for the impact these two devices have on the entire cycle is more than ac-

ceptable seen the huge quantity of fuel saved and therefore pollutant emissions 

not produced. They are a fundamental part that needs to be studied, developed 

and implemented in every aircraft engine seen the great improvements they could 

give. 
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9 Air intake and Exhaust nozzle  

At the entrance and exit of all gas turbine engines are placed two ducts with the 

aim to slow the flow down before the compressor (diffuser) or accelerate the ex-

haust gas to generate thrust (nozzle). In this chapter we are going to briefly design 

and dimension these two pieces for our aircraft. Both can be studied by means of 

one-dimensional gas dynamic equations with the main hypothesis of isentropic 

flow. 

9.1 Air intake  

The main job of this 

piece is to convoy and 

prepare the fluid with 

the right speed and 

pressure to enter the 

first stage of the com-

pressor. These opera-

tions need to be per-

formed with the highest 

efficiency possible, to 

avoid big losses in pressure. We want the fluid, in this case the air, to be in the best 

conditions possible for the compressor, therefore there can’t be sharp edges or fast 

variation in shape and diameter of the duct, in order to avoid flow separation and 

recirculation. For subsonic aircraft cruising at high speed the diffuser is usually a 

short circular or elliptical tube whose area gets bigger to slow the fluid down and 

prepare it for the compressor, so it has a standard divergent configuration. There 

are a lot of different geometrical possibilities as we can see from Figure 9.1. In our 

case the engine is embedded inside the fuselage to avoid aerodynamic problems 

and allow a clean shape, like most of UAV and small aircrafts. Therefore, an S-duct 

intake seems to be appropriate to be used. In this way we could have a little open-

ing on the top or bottom of the aircraft, as done for APU in commercial aircrafts, 

and in some military model like the Lockheed Martin f-35. 

Figure 9.1: Air intakes: (a) standard, (b) integrated, (c) flush [9] 



To design our intake in an optimal way it has been decided to dimension it at cruise 

speed. Looking at Mach flight number (Mv=0.27) and seeing that it is in the low 

subsonic region, and that it is lower than the speed requested at the inlet of the LP-

compressor (169.5 m/s), we conclude that our diffuser doesn’t have to slow the 

fluid down, it has to accelerate it, so it will have a convergent geometry and will 

work as a nozzle instead. With this design we avoid flow separation thanks to fa-

vourable pressure gradients. 

From previous calculations we know all the thermodynamical characteristics, out-

side of the intake and at its exit. Considering an isentropic flow we can calculate the 

area ratio, and accordingly the inlet area of our intake with the hypothesis that the 

entrance area of the compressor is equal to the exit area of the intake. We intro-

duce a spillage factor 𝑆𝐹 =
�̇�𝑒𝑛𝑔𝑖𝑛𝑒

�̇�𝑎𝑚𝑏
= 0.9 knowing that some of the air won’t enter 

the intake, thus we need a bigger intake to have the right mass flow rate. 

𝐴𝑖𝑛𝑡𝑎𝑘𝑒

𝐴2
=

𝜋𝑖𝑛𝑡𝑎𝑘𝑒

𝑆𝐹
∙

𝑀𝑐𝑜𝑚𝑝𝑟

𝑀𝑎
∙ (

1 +
𝑘 − 1

2
𝑀𝑎

2

1 +
𝑘 − 1

2 𝑀𝑐𝑜𝑚𝑝𝑟
2

)

𝑘+1
2(𝑘−1)

 (9.1) 

With 𝐴2 = 0.0023𝑚2 we obtain the following results: 

- 
𝐴𝑖𝑛𝑡𝑎𝑘𝑒

𝐴2
=  2.0474 

- 𝐴𝑖𝑛𝑡𝑎𝑘𝑒 = 0.0047𝑚2 

If we imagine having an intake shaped as half a circumference its radius would be 

5.48 cm. For a rectangular shaped intake with a base of 10 cm the height of the 

intake would be 4.7cm. 

 

9.2 Exhaust Nozzle 

The nozzle role is to convert the remaining energy that the fluid has after having 

passed turbines and recuperator, into kinetic energy, producing thrust useful to 

push the aircraft. Since our plane provides thrust with the two fans driven by the 

electric motor, the majority of the enthalpic drop after the combustion chamber is 

done in the turbines, leaving a 0.6% of ΔH to be done in the nozzle.  This will be a 

small convergent duct in which the flow can be considered isentropic, where the 



103 
 

fluid expands up to the ambient pressure. We will design the nozzle to be adapted 

at cruise altitude and speed. 

Knowing the speed at the exit of the nozzle and all the parameters previously cal-

culated, we manage to determine the nozzle exit area and the thrust generated as: 

- 𝐴𝑛𝑜𝑧𝑧𝑙𝑒 = �̇�𝑐𝑜𝑚𝑏/(𝜌 ∙ 𝑉𝑒𝑥𝑖𝑡) = 0.0067𝑚2 (9.2) 

- 𝑇𝑛𝑜𝑧𝑧𝑙𝑒 = �̇�𝑐𝑜𝑚𝑏 ∗ (𝑉𝑒𝑥𝑖𝑡 − 𝑉𝑐𝑟𝑢𝑖𝑠𝑒) = 34.7 𝑁 (9.3) 

Imagining a circular exit for the exhaust gasses the radius of the nozzle will be 4.61 

cm. 

9.3 Material selection 

For the intake, almost every material is good, since it works at low temperatures 

and doesn’t have to sustain high mechanical loads or pressures. Composites made 

with injection moulding could be a good alternative to aluminium. A good material 

could be epoxy reinforced with fiberglass that gives good mechanical strength and 

low weight. 

The exhaust nozzle seen the relatively high temperature to which it undergoes 

needs to be made of a high temperature and high resistance material. A nickel sup-

eralloy such as Inconel 625 will be used for its good mechanical characteristics al-

ready seen during the selection of the material for the combustion chamber and 

turbine.  
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Conclusions 

A new type of engine for lightweight aircraft has been developed and designed. 

Having studied different setups the configuration with two heat exchangers has 

been chosen due to the important advantages they bring, improving both efficien-

cies and fuel consumption. The final configuration consists of: two parallel shafts 

on which two stages of compression and expansion are mounted, an intercooler to 

cool the flow down between the compressors, and a recuperator that manages to 

recover the high amount of energy still stored in the exhaust gasses that otherwise 

would be lost. In this way the combustion chamber doesn’t have to do the entire 

work reducing consumptions and emissions. Finally, an electric current generator 

is keyed to the low-pressure shaft, supplying the electric motors whose fans pro-

duce the thrust. Every component used has been studied and designed thoroughly 

in order to gain maximum benefits. New advanced materials have been used to 

overcome weaknesses of commonly used ones that currently constrain the perfor-

mance of the jet engines on the market. The solution implemented meets all the 

requirements set in the introduction exceeding by far the performance of an all-

electric plane and allowing it to compete with the main players that nowadays own 

the commercial market of lightweight aircrafts. Moreover, this typology of engine 

thanks to his versatility can, with little modifications, be adapted to be used in 

drones for urban mobility, UAV’s and all the cases where the distributed propulsion 

can be used. Additionally, using bigger turbomachines higher power could be 

reached opening new markets for this type of configuration. 

I firmly believe that this concept could and will be the future for commercial avia-

tion, changing the way we conceive aircrafts with completely innovative designs, 

and leading into a future where both performance and emissions control, do not 

exclude each other. 
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APPENDIX A: MATLAB  

To understand and develop our engine a matlab code have been built so that we 

could see de various differences between the options studied in the shortest time 

as possible. 

When developing the matlab code we wanted to assure the best accuracy possible 

at every step of the calculations, and for every different type of engine developed. 

To do so, we made sure that all the parameters that usually are taken constant but 

varies with temperature or altitude where modelled in the best way possible. 

Therefore, we implemented the following functions to add accuracy. 

- Polytropic efficiency to calculate compressor and turbine efficiency 

- Specific heat in function of temperature 

- Same bat for after combustion 

- Isa 76 model for atmosphere 

- Aerodynamic model to calculate necessary power and trust 

Aerodynamic model  

In order to determine the aerodynamic parameters such as lift and drag, and the 

power necessary to fly the plane at a certain altitude and speed, we calculate the 

aerodynamic polars for cruise conditions where Lift=Weight  and Thrust=Drag. 

Knowing the lift to drag ratio of the prototype made by Airbus, and considering it 

the maximum aerodynamic efficiency achievable, we determined lift and drag co-

efficients as such: 

𝐿 =
1

2
𝜌𝑉2𝑆 𝐶𝑙 

 

𝐷 =
1

2
𝜌𝑉2𝑆𝐶𝑑         𝑤𝑖𝑡ℎ               𝐶𝑑 = 𝐶𝑑0 + 𝐾 ∙ 𝐶𝑙2 

 

𝑡ℎ𝑒𝑟𝑒𝑓𝑜𝑟𝑒          𝑃𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝐷 ∙ 𝑉 



 

 

as can be seen from Errore. L'origine riferimento non è stata trovata. the aerody-

namic efficiency considerably decreases after the maximum one, when we increase 

the flight speed. This is due to the fact that there is n important increase of drag at 

higher speeds. Moreover, the higher we fly the faster we need to be to get maxi-

mum efficiency. The Drag graph shows us the ideal speed at which we can fly with 

minimum resistance and therefore with less power needed. Ideally, we should 

cruise at speeds near to this one in order to have higher overall efficiencies. The 

last graph represents the power needed at a certain speed and altitude to sustain 

our cruise. Implementing the flight performance on our MATLAB code is useful to 

                     

         

 

 

 

 

 

  

  

  

  

 
   
  
 
  
  
 
  
 
   

          

  

     

     

     

     

     

               

         

    

    

    

    

 
  
 
  
 
 

      

  

     

     

     

     

     

Figure A.0.1: Lift to drag ratio in function of speed and altitude 

Figure A.0.2: Drag in function of speed and altitude 
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have a clearer image of the aerodynamic performance of our aircraft and to get the 

most accurate results. 

 

 

 

Efficiencies 

Every program made for this thesis has been developed considering the depend-

ency of the efficiencies of the turbomachines from the pressure ratio and the gas 

constant. In particular it has been decided to set a fixed polytropic efficiency at 0.85 

for both compressors and turbines and to calculate the isentropic efficiencies using 

the following formulas: 

 

Figure A.0.4: efficiencies in function of pressure ratio 

 

ŋ𝑐 =
𝑟𝑝

𝑘−1
𝑘 − 1

𝑟𝑝
𝑘−1

𝑘∙ŋ𝑝𝑜𝑙 − 1

 

 

ŋ𝑡 =
1 − 𝑒𝑟

(𝑘−1)∙ŋ𝑝𝑜𝑙

𝑘

1 − 𝑒𝑟
𝑘−1

𝑘

 

 

 

 

                   

              

  

  

  

  

  

  

  

  

  

  

 

                                       

                     

                  

Figure A.0.3:Power in function of speed and altitude 



As can be seen from Figure A.0.4, there is a great variation of the efficiency with 

the pressure ratio in the range 0 to 10 which is the one we are most interested in. 

in a turbomachine a difference of 2% could mean a lot in term of energy produced 

or used therefore is important to take this as accurate as possible. 

Other efficiencies such as pressure losses in combustion, mechanical efficiency of 

the shaft or energy conversion efficiency are decided after a thorough study of the 

elements currently on the market, averaging the various numbers without taking 

the best value.  

 

Specific heat  

One of the most important things that usually are taken constant but varies a lot 

with respect to the working temperature are the specific heats. Usually using ideal 

gasses with little variation of temperature there is no arm in taking them constant, 

but in a gas turbine where th delta T are higher, this could lead to errors greater 

than 5% tha propagates over the code could lead to huge differences in results.  

Specific heats are function of temperature and pressure, but it has been seen [], [] 

taking into account just the variation with temperature, results in an accurate esti-

mate of their values. We report down here the empirical formula used and in figure 

[] the variation they have over time. Even the value of k, ratio between specific heat 

at constant pressure and volume varies with temperature, even if a little, it has 

been taken into account. 

 

 𝐶𝑝(𝑇) = 1000 ∙ [2.506 ∙ 10−11 ∙ 𝑇2  + .454 ∙ 𝑇1.5 ∙ 10−7 − 4.246 ∙ 10−7 ∙ 𝑇

+ 3.162 ∙ 10−5 ∙ 𝑇0.5 + 1.3303 − 1.512 ∙ 104 ∙ 𝑇−1.5  +  3.063

∙ 105 ∙ 𝑇−2 −  2.212 ∙ 107 ∙ 𝑇−3] 
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Figure A.0.5: specific heat f air in function of temperature 

After the combustion chamber specific heat of air could not be used because the 

chemical components of the flow varies with the fuel used. In this case to deter-

mine the specific heats for all the fuels used we used a slightly different process, 

determining the cp of every chemical element in the combustion gasses (CO2, H2O, 

N2, …), mediating them in function of their quantities, to determine the overall cp. 

Here we report the variation with temperature of methane combusts. 

 

Figure A.0.6: specific heat of methane combusts in function of temperature 

 

Model of the atmosphere 

In order to  have the correct pressure, temperature and density of the air entering 

our engine at different heights, hence to determine the permormance with high 

                         

               

    

    

    

    

    

    

 
 
  
  
 
 
  
 

   

    

    

    

    

   

    

 

                                

  

 

                         

               

    

    

    

    

    

    

    

    

    

    

 
 
  
  
 
 
  
 

    

    

   

    

    

    

    

   

 
                                                         

  

 



accuracy, and atmospheric model has been implemented. We chose the Interna-

tional Standard Atmosphere ISA-76 because is the most used in aviation. The three 

major properties of a gas are calculated relying on a standard temperature at sea 

level of 25°C, a standard pressure of 101325 Pa and a standard density for the air 

of 1.225 Kg/m3. Using a linear variation of temperature λ=-0.0065 K/m we deter-

mined the properties in function of altitude as: 

𝑇𝑎 = 𝑇0 +  𝜆 ∙ ℎ 

𝜌𝑎 = 𝜌0 (1 +
𝜆 ∙ ℎ

𝑇0 
)

−1−
𝑔

𝜆𝑅
 

𝑃𝑎 = 𝑃0 (1 +
𝜆 ∙ ℎ

𝑇0 
)

−
𝑔

𝜆𝑅
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