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Pressure Gain Combustion propulsion application with 
part load and dynamic analysis 

 

Abstract 
 

Aerospace propulsion systems utilizing gas turbines have been in use for nearly a century. 
The staggering amount of technological advancements made in improving the efficiency and 
performance of gas turbines have resulted in some of the best examples of human ingenuity. 
Unfortunately, the conventional gas turbines are reaching the limits of their performance, 
and this warrants innovative concepts to respond to the ever-increasing performance 
requirements. Pressure Gain Combustion is such a technology that has gained momentum in 
the recent decades, with advantages such as higher thermodynamic cycle efficiency and 
lower specific fuel consumption. The propulsion devices based on PGC also support the use 
of hydrogen fuel, making them attractive to a carbon neutral global trend. But this 
technology is yet to be realized in aeronautical propulsion sector. 

 

In this thesis, the application of Pressure Gain Combustion for aeronautical propulsion is 
studied. The study has resulted in dynamic modelling of aircraft engines with/without PGC 
technology, along with part load performance evaluation. In addition, the research work also 
resulted in the development of dynamic models that can be applied both standalone open-
loop compression systems & closed-loop compression systems for heat pumps, and reduced 
order modelling methodology for rotating detonation combustion. A simple bleed scheduler 
system for PGC aircraft engines is also developed during the research thesis, which would 
assist in the component level development studies of PGC aircraft engines in the future.  
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2. Pressure Gain Combustion 
 

The desire to fly is an idea handed down to us by our ancestors who... looked enviously on the birds 
soaring freely through space... on the infinite highway of the air 

Wilbur Wright 

The aircraft engine industry has been pushing the boundaries of technology and innovation 
for a significant part of the 20th and 21st centuries. Advances made in the areas of 
turbomachinery, combustion and fuel sciences, material science and control systems, and 
not to mention the fundamental research being done in thermodynamics, fluid mechanics, 
manufacturing technology and other branches of science, have made it possible for our 
species to travel faster and cheaper than ever before. And every day, we try to improve 
efficiency and reduce the environmental impact of our aerospace machines (Fig. 2.3). 

 

Fig. 2.1 Aircraft engine development [1] 

But despite our determination to  outshine our own previous achievements, we are reaching 
the limits of conventional gas turbine engines for aeronautical applications. The high-
performance compressors and turbines, highly efficient combustion technology, innovative, 
low emission fuels and advanced sensor and actuation systems seem to have hit the peak of 
their performance (Fig. 2.4). Thus, we now look towards innovative methods that can take 
us to the next level of performance. This is where pressure gain combustion has taken the 
spotlight. In this section, a brief overview of pressure gain combustion and different PGC 
technologies that have potential in aeronautical propulsion is described. 

The concept of Pressure Gain Combustion (PGC) and its advantages were known for a long 
time. One of the earliest attempts at developing a PGC gas turbine is the Holzwarth turbine 







PGC Propulsion application with part load and dynamic analysis                          Chapter 2 

8 
 

 

detonation wave combustion (ODWC), constant volume combustion (CVC) technologies 
such as wave rotor, or innovative methods such as free piston composite cycle engines (FP-
CCE) [12]. These technologies are briefly discussed below. 

2.1  Wave rotor 

A wave rotor typically consists of several cylindrical passages mounted along the periphery 
of a rotating drum, driven by an electric motor or a turbine, as shown in Fig. 2.5 [4]. Each 
of these passages is cyclically exposed to different boundary conditions at its ends, as 
represented in Fig. 2.6 [13], generating unsteady waves for energy transfer [14]. The 
combustion process can either be detonation or deflagration depending on the design, but 
nearly CVC in either case [15,16].  

 

 

Fig. 2.5 A schematic of wave rotor combustor [4] 

 

 

Fig. 2.6 Operation of wave rotors [13] 
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Rotating detonation engines (RDE) use one or more rotating/counter rotating detonation 
waves confined in an annulus to produce pressure gain combustion (Fig. 2.9) [27].  

This type of PGC system has the advantage of shorter length and flexibility in 
turbomachinery integration due to their continuous detonation operation. And, since RDEs 
operate on the same cycle as PDEs, their thermal efficiency is essentially the same as PDEs. 
RDEs have been under investigation for a long time now. 

In RDE, supersonic detonation waves travel circumferentially, while the fluid travels axially. 
The detonation wave front raises the temperature and pressure in the mixture and thus 
combustion occurs in the annular chamber (Fig. 2.10) [28]. Fresh charge is fed continuously 
into the combustor and the frequency of the detonation is usually in kilo Hertz order of 
magnitude [29]. Although the technology for safe and sustainable operation of RDE is still 
in its infancy, it has gathered a great deal of interest among researchers pursuing innovative 
thermodynamic cycles [30]. 

 

Fig. 2.10 CFD simulation of RDE combustion chamber [28] 

2.5  Comparison of different PGC technologies  

The main observations from an extensive review of the current state of each PGC 
technology, published in [12], can be summarized as follows. 

a) Wave rotor is an extensively investigated technology that may be joining the field of 
aerospace propulsion soon, once the critical issues such as leakage, cooling, operating 
frequency, emissions etc. are properly addressed. Even if not as a standalone system, it 
has the capability to be a topping cycle for conventional aircraft engines.  
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3. TRANSEO Simulation Tool 
 

If I have seen further, it is by standing on the shoulders of giants 
Sir Isaac Newton 

 

TRANSEO is a MATLAB® - Simulink® based simulation tool capable of transient and 
dynamic simulation of systems, developed by the Thermochemical Power Group, of the 
University of Genova, Italy. It is designed for simulating systems operating with different 
cycles and different sizes (Fig. 3.1). It has been successfully employed in the study of 
microturbine-based energy systems [31,32]lating systems operating with different cycles 
and different sizes (Fig. 3.1). It has been successfully employed in the study of microturbine-
based energy systems [31,32], and hybrid fuel cell systems[33] and for supercritical CO2 
cycles [34]. The TRANSEO tool has over 30 built-in modules, along with standardized 
interconnecting protocols for assembling the modules to obtain the desired system layout. 

 

 
Fig. 3.1 TRANSEO architecture 

 

The Simulink® environment is used for visual interface-based simulations, while the actual 
calculations are executed using S-functions written in C language, which in turn use Fortran 
based functions. Due to the modularity of the tool, TRANSEO can be used to simulate 
different types of energy systems. TRANSEO components have the option to select any one 
of the types of simulation given below: 

1. On-design model (static response) 

2. Off-design model (static response) 

3. Lumped-volume model 

4. Dynamic model 

The dynamic model, or full dynamic model, can capture momentum balance-related effects, 
such as pressure-wave fluctuations. Meanwhile, most of the models used for transient 
simulations are lumped volume models. This approach can be used to simulate the main 
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3.2  TRANSEO compressor module 

The compressor module uses the conservation equations to simulate the dynamic behavior 
of the component in the pre-stall conditions (Fig. 3.4) [35]. It uses Eq. 3.1 - Eq. 3.3 and non-
dimensional compressor performance maps to calculate the transient behavior. 

 
Fig. 3.4 Compressor module 

For the current model, the compressor & fan performance maps (Fig. 3.5) were derived from 
a typical high bypass turbofan engine (CFM56-3) which has the same range of net thrust 
[36,37].  

 

Fig. 3.5 Typical compressor map 

 

These maps (Fig. 3.5) were scaled to match the mass flow rate at the design point for the 
selected layouts. The compressor module not only provides the fluid dynamics data, but also 
the power required for operation as well. The speed of the compressor & fan is provided by 
the shaft module of TRANSEO, which is explained later in this section. 

 

3.3  TRANSEO turbine module 

The turbine module (Fig. 3.6) uses Eq. 3.1 - Eq. 3.3 to simulate the dynamic behavior of 
turbines [35]. Similar to the compressor module, the turbine module also uses non-
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dimensional performance maps. As mentioned above, the maps (Fig. 3.6) are derived from 
CFM56-3 engine (Fig. 3.7) and scaled to match the current application. 

 

 
Fig. 3.6 Turbine module 

 

The turbine module accepts the spool speed and responds to the boundary conditions 
according to the performance map data. It also provides information about power extracted 
in the expansion process, which can be used in the shaft module. 

 

 
Fig. 3.7 Typical turbine map 
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3.4  TRANSEO shaft module 

The shaft module simulates the dynamic behavior of a rotating spool where torques are 
applied (Fig. 3.8).  

 

 
Fig. 3.8 Shaft module 

 

It accepts the power requirement information from compressor and power available 
information from turbine and dynamically balances the loop using Eq. 3.4 until a steady state 
is obtained [35]. The output of the shaft component is the spool speed at which the 
turbomachinery loop operates in steady state condition. The component also has the facility 
to include electrical power requirements. The work reported here does not consider the 
generator power and power loss and only uses mechanical efficiency of the spool shaft in its 
calculations. 

 

3.5  TRANSEO nozzle module 

The nozzle module (Fig. 3.9) is a variable area duct which uses Eq. 3.1 - Eq. 3.3 to simulate 
the dynamic behavior of pipes [35].  

 
Fig. 3.9 Nozzle module 

 

The ambient conditions are set as the outlet boundary for the nozzle module, and thus the 
nozzle can operate in both choked and unchoked modes. This component also provides 
feedback to the upstream components, thereby ensuring that the components behave as in a 
real engine that generates thrust, rather than open to atmosphere. 
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throttle is closed, the mass flow decreases while the pressure rise across the compressor 
increases, as seen in Fig. 4.1.  

 

 
Fig. 4.1 Typical compressor characteristic curve [39] 

 

This eventually reaches a limit, where the flow begins to separate from the rotor blades, 
forming aerodynamic blockages, called stall cells. These cells move along the circumference 
of the rotor, and grow in size, and eventually result in the phenomenon of rotating stall. If 
the stall cells reach sufficient size, and the compressor operating conditions are suitable, the 
compressor enters a very small mass flow condition and may be into reverse flow as well. 
Since this condition is not what the compressor was designed to do, the system will try to 
return to its normal operation. This oscillating flow is termed as surge (Fig. 4.2).  

 

 
Fig. 4.2 Modes of instabilities [40] 

During surge, mass flow and the system pressure rise undergo large amplitude oscillations. 
The frequencies of these oscillations are generally at least an order of magnitude below those 
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As mentioned in literature, for the test rig used by Greitzer, the system enters surge when B 
exceeds 0.65. Therefore, B is changed from 0.6 to 1.65 while maintaining other parameters 
constant. The surge responses and FFT are shown in Fig. 4.8 (a,b). The results show the 
significant impact B has on the surge response. As B increases, the system moves from 
rotating stall to deep surge, as indicated by the Phi-Psi plot. The change in the frequency is 
also visible from the FFT analysis. 

 

4.3.2 Variation of G 

The parameter G can be seen as purely a geometrical representation of the compressor 
system. It can be seen that G has neglible impact (Fig. 4.9 (a,b)) on the post-stall behavior 
of this compressor system, as inferred by Greitzer. 

 

Fig. 4.9 Parametric study of G  

a) Compressor post-stall behavior b) FFT for different G values 

 

4.3.3 Variation of K  

The non-dimensional parameter K represents the throttling capacity of the compression 
system with high K values implying small throttling capacity. This is a parameter related to 
the operation of the system.  The variation of K is obtained by adjusting the values of AT 
and LT simultaneously to maintain other parameters constant. The results of the study of K 
are shown in Fig. 4.10(a,b). 
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Fig. 4.10 Parametric study of K 

a) Compressor post-stall behavior b) FFT for different K values 

 

It is clear from the figures that K has significant influence on the post stall behaviour of the 
compression system. It was observed that surge phenomenon was observed near K = 5.52 
and the lower values of K represent either rotating stall or re-stabilization of the compressor 
operating point in the steady state side of the characteristics curve. 

 

4.3.4 Variation of Lc  

The geometric parameter Lc is the equivalent length of the compressor duct, and it is defined 
as the length of a duct, in which a given rate of change of mass flow produces the same 
unsteady pressure difference as in the actual duct (including a correction for end effects) and 
having a constant area equal to the compressor inlet area. The integration in Eq. 4.13 is 
carried out over all regions of the actual ducting in which the flow has significant kinetic 
energy. In order to study the impact of Lc, LT and VP are varied simultaneously to maintain 
the other non-dimensional parameters constant. It is evident from the results that the 
parameter Lc has an impact on the frequency and amplitude of the post-stall behavior of the 
system. 
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Fig. 4.11 Parametric study of Lc 

a) Compressor post-stall behavior b) FFT for different Lc values 

 

As Lc increases, the response moves more towards the deep surge region (Fig. 4.11(a,b)). It 
is to be noted that Lc is related to the Helmholtz resonance frequency of the system and the 
definition of Lc in the lumped volume approach could be responsible for this phenomenon.  

 

4.3.5 Conclusion of 0-D model 

The 0-D dynamic model of open-loop compression system, based on Moore-Greitzer model, 
is developed in this thesis work. The parametric studies performed on the 0-D open-loop 
compression system using Moore-Greitzer model show how important the selection of these 
values is to the prediction of post-stall transients. The selection of equivalent length and area 
are critical in this type if modelling, yet the calculation of these values is difficult in a real 
compression system. This is a major drawback of using Moore-Greitzer compression system 
model. In the next section, a 1-D model of the compression system is described, which 
addresses some of the limitations of the 0-D model. 

 

4.4  1-D dynamic modelling of open-loop compression systems 

The 0-D compressor model has several drawbacks due to its lumped volume approach. In 
order to include the facility of interstage bleed and capture the momentum effects such a s 
pressure-wave propagation along the axial direction, a 1-D dynamic model is developed. 

 

The compressor is represented as a quasi-1-Dimensional model, where the variation of flow 
properties is assumed to be uniform across each section. A 0-Dimensional plenum is 
assumed to be present at the compressor exit with a throttle valve attached to it, allowing the 
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flow rate to be controlled. This configuration is selected to verify the model with 
experimental data and is termed as standalone configuration in this report.  

 

 

Fig. 4.12 Representation of multistage, axial compressor 

When an engine uses PGC technologies, the compressor outlet may experience sudden and 
large amplitude pressure fluctuations, such as in the case of RDC or PDC. In order to ensure 
that the model can handle such fluctuations, the plenum throttle valve operation has the 
option to simulate different types of operational schedules, as shown in Fig. 4.12. The model 
is also capable of simulating interstage air bleed. 

 

The variation of the plenum throttle valve area causes backpressure fluctuations at the 
compressor exit. This causes the compressor to operate near stall speeds. Once the 
compressor mass flow rate falls below the stall condition, it undergoes stall and surge cycles, 
and depending on the operating parameters, may go into reverse flow condition. The model 
can predict this behavior, provided that the individual stage characteristics, flow path area, 
and other simulation parameters are available. 
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4.4.1 Governing equations 

 
Fig. 4.13 Simulation flow chart 

 

 

Fig. 4.14 Dynamic modelling strategy 
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Fig. 4.16 Experimental stage pressure characteristics 

 

 
Fig. 4.17 Synthesized stage temperature characteristics 

 

The model is simulated with these characteristics to obtain a steady state operating point, 
defined using a design flow coefficient (Fig. 4.18).  
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(a) (b) 

 
 

(c) (d) 
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[39] as shown in Fig. 4.20 (e) and from experiments by Greitzer [41] as in Fig. 4.20 (f). The 
corresponding flow coefficient fluctuation is shown in in Fig. 4.21 (e). 

 

 

 

(a) (b) 

  

(c) (d) 

 

(e) 

Fig. 4.21 Flow coefficient fluctuations for different B parameter 
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It is to be noticed that the plenum volumes used by Greitzer in his experiments as specified 
in [41] and the ones used in the model is different. This is because of the necessity for model 
similarity between the experiment and the model compressor characteristics. This variation 
arises due to the use of characteristics for different compressor blading by Greitzer and 
Gamache, as reported in [39] and [41]. 

 

4.4.4.2 Effect of throttle closure 

Greitzer[41] and Davis [39] notice that the final position of the throttle valve can affect the 
nature of the surge and its frequency. In the current model, the effect of throttle closure point 
has been investigated. The exact throttle closure point and schedule was not available from 
literature, hence this parameter had to be approximated. 

 

 
Fig. 4.22 Effect of final throttle position on surge response 
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Fig. 4.23 Effect of final throttle position on surge cycles 

 

Sl.No B Lc Vp 
Delay time 
parameter 

(n) 
Um Throttle closing point 

  m m3  m/s 
% of design point 

Athrottle 

1 0.660 0.762 6.840 2.000 59.020 55.0 

2 0.660 0.762 6.840 2.000 59.020 60.0 

3 0.660 0.762 6.840 2.000 59.020 65.0 

4 0.660 0.762 6.840 2.000 59.020 70.0 

5 0.660 0.762 6.840 2.000 59.020 75.0 

Table 6 Effect of throttle closing point 

 

The model is configured for B = 0.66, with a time delay corresponding to n= 2 (from Eq. 
4.26). The throttle is closed from the on-design point (A throttle) up to 55% of on-design 
point. The surge response is shown in Fig. 4.22 and Fig. 4.23 . It is evident that the final 
position of the throttle has a significant effect on the amplitude and frequency of surge 
response. This creates a limitation on the validation of the model when the exact valve 
position is unknown.  
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Fig. 4.24 Effect of delay time on compressor surge 

 

4.4.4.4 Effect of equivalent duct length, Lc 

The non-dimensional parameter B, introduced by Greitzer, is used to classify the nature of 
the surge for a specific compressor. B is defined as in Eq. 4.28. It is to be noted that 
mathematically, the values of these variables can be changed while maintaining the same B. 
If B were the only parameter driving the transient, it should be expected that different 
combinations of parameter bringing to the same B value would result in similar surge 
transients. Unfortunately, this is not the case, as demonstrated by the following results, where 
B is kept constant with different values of the equivalent duct length Lc and plenum volume 
Vp (Table 8). 

 

Sl.No B Lc Ac Vp 
Delay time 

parameter (n) 
Um At_closepoint 

  m 
m2 

m3  m/s 
% of design point 

Athrottle 

1 0.660 0.200 0.149 1.795 2.000 59.020 60.000 

2 0.660 0.300 0.149 2.693 2.000 59.020 60.000 

3 0.660 0.400 0.149 3.591 2.000 59.020 60.000 
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4 0.660 0.600 0.149 5.386 2.000 59.020 60.000 

5 0.660 0.762 0.149 6.840 2.000 59.020 60.000 

6 0.660 0.800 0.149 7.181 2.000 59.020 60.000 

Table 8 Effect of equivalent length & plenum volume 

 

As demonstrated in Fig. 4.19, based on the simulation results alone, B parameter is specific 
to a compressor model and experimental set-up, and, unfortunately, there is a knowledge 
gap in determining a separate influence on surge behavior by the geometrical parameters 
included in the B definition. This is reflected in the difficulty of comparing the experimental 
results, since the equivalent duct length LC and speed of sound, a, are not mentioned in the 
experimental data [39,41]. 

 

 
Fig. 4.25 Effect of Lc and Vp 

 
 

4.4.5 Conclusion of 1-D modelling 
The 1-D compressor model is validated against experimental data from literature and the 
impact of different parameters are also studied. These results show that it is possible to 
capture the post-stall transients in the 1-D model, and if required, to provide interstage bleed 
as well. For modelling an aircraft engine, the 1-D approach would be useful. 
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4.5  Conclusion 
In this chapter, the 0-D and 1-D modelling of compressors is described. The models are 
validated using experimental data from literature, and parametric studies are also performed. 
The 0-D model is modified and applied to an innovative heat pump system that is available 
at University of Genova laboratory, and this is described in Appendix A (166) for further 
reading. 
 
The simulations show how exit pressure fluctuations affect the compressor operation. In 
PGC aircraft engines, these effects could be disastrous, and requires a separate study of their 
own. Unfortunately, due to computational complexities, only the study using 0-D lumped 
volume model is implemented in the following chapters. Since, for an aircraft engine, the 
objective is not to go into surge, the use of 0-D lumped volume model in pre-stall condition 
is therefore justified. 
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5. Dynamic modelling of Rotating Detonation 
Combustor 

 
No human investigation can be called real science if it cannot be demonstrated mathematically 

Leonardo da Vinci 

 

The combustion process in RDE consists of a detonation wave that moves around the 
annulus, while the fuel-oxidizer mixture and the combustion products flow axially. The 
detonation waves can be seen as a strong shock wave, which raises the static pressure and 
temperature of the fresh charge mixture, and a heat release front, where exothermic chemical 
reactions occur due to the elevated pressure and temperature. The products are expanded 
through oblique shock waves to the combustor exit. In theory, the products would be several 
hundreds of kelvins hotter than constant pressure combustion products. These gases are 
expanded in the subsequent turbomachinery to generate thrust or electric power as required 
by the application. 

 

The main problem faced by researchers in designing RDEs is the complexity of the chemical 
reactions and gas dynamics present in the detonation process. Considerations to off-design 
conditions make this more complicated as the inlet and exit conditions of the combustion 
chamber are highly variable. Therefore, application of detailed models to study the RDEs as 
a system is extremely difficult and computationally expensive. A solution to this is the use 
of low order models for the RDE combustion chamber, using combustion maps or 
correlations, which can provide data over a wide range of operating conditions. 

 

Development of such a database & combustor performance map through experiments alone 
is an extremely difficult and expensive task, as sustained operation of RDE for sufficient 
duration & finely tuned control of the numerous parameters involved is not possible for 
many of the researchers. In this chapter, the application of machine learning (ML) 
methodologies to fill the gap in the experimentally generated data is described. In order to 
train and test different ML models, a large database of approximately 19,188 points 
pertaining to different inlet and exit thermodynamic conditions is generated using theoretical 
computations. Machine learning techniques such as SVM, polynomial regression and CNN, 
are trained and tested on this database. Experimental data is also used to determine the 
accuracy of the model in real world applications.  
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constant value that is reasonable for the given injectors. For the studies reported here, a 
constant value between 50% to 40% injection pressure loss is assumed, which would provide 
reasonably good mixing efficiency [23,24]. 

 

5.2  Modelling detonation combustion 

A modern-day serious investigation into the detonation combustion can be traced back to 
Zeldovich [10], who, in his classic 1940 paper claimed an improvement of up to 13% 
thermodynamic efficiency over the already improved constant volume cycle (Humphrey 
cycle). Different approaches have been developed to model detonation combustion at 
varying levels of complexity. Heiser and Pratt [9] focused on the thermodynamic cycle level 
analysis and demonstrated the superior thermodynamic efficiency of the detonation cycles. 
Detailed chemical kinetics models were developed by Ajmani et.al [52]. Subramanian et.al 
[53] presents a new method to model the non-premixed fuel-air injection in RDC. Hayashi 
et.al [54] used 2-D compressible Euler equations to study the sensitivity of performance on 
inlet conditions. Pal et.al [55] used URANS method with detailed chemical mechanism and 
adaptive mesh refinement for performance study of RDC. Due to the computational expenses 
of these models, researchers have been looking into reduced order models of detonation 
combustion, specifically, rotating detonation combustors. Nordeen et. al[30] developed an 
analytical model and compared it with numerical simulation and experiments.  

 

Humble et.al [56] combined CFD and lumped parameter methods to predict RDC process. 
Dille et.al [57] used experimental results to improve their simplified RDC model. Stechmann 
et.al. [58] used experimental pressure decay models to develop and integrate RDC with 
rocket nozzles, Kaemming et.al [59] used the internal flow fields coupled with the injection 
and exhaust of RDC to develop a reduced order model. Kawashima et.al [60] developed a 
quasi-1-D RDC model to study the 2D distribution of flow variables. Grunenwald et.al [61] 
used method of characteristics to study RDC without any back pressure. Bedick et.al[62] 
combined 0-D inlet dynamic model for the refill regions and a 1-D partially stirred reactor 
model for the expanding gas column. Another widely used tool for modelling RDC is the 
Shock and Detonation Toolbox [63,64]. This method forms the basis of the work described 
in this thesis. In addition, a couple of machine learning techniques are also employed to 
investigate the possibility of creating performance maps with less number of experimental 
data. 

 

5.3  Machine learning techniques 

Machine learning can offer significant advancements in understanding and optimizing 
thermodynamic processes [65,66], from predictive modeling to system optimization such as 
energy efficiency, material science, and thermal systems optimization. ML aids in the 
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interpolation within known data domains, facilitating the exploration of material properties 
and the identification of novel materials with desired characteristics. 

We can breakdown Machine learning enabled predictive modelling into consecutive cycles 
of feature engineering and validation. Feature Engineering takes care of numerically 
fingerprinting critical thermal properties and deterministically modelling the impact of these 
properties on the predicted property.  Validation employs sampling techniques like Cross-
validation and Uncertainty Quantification to check for overfitting and Bayesian methods for 
quantifying prediction biases uncertainties. Together feature engineering and validation 
helps us ensure higher quality predictive performance compared to non-ML methods. 

 

These practices are equally important in thermal engineering to ensure that models are 
generalizable and reliable, especially when making extrapolative predictions outside the 
domain of the training data. This is followed by Adaptive Learning and Design. Here, models 
are iteratively updated with new data to refine predictions and guide the design in a 
continuous improvement approach [67]. When evaluating and validating these methods, 
cross-validation and metrics such as Mean Squared Error (MSE), Mean Absolute Error 
(MAE), and R-squared are commonly used. Model complexity, data preprocessing, and 
feature selection are critical considerations to avoid overfitting and ensure the model's 
generalizability. 

 

To compare results across different machine learning methods, a systematic approach 
involving the use of a consistent dataset, preprocessing steps, and evaluation metrics is 
necessary. Benchmarking against standard models and using statistical tests to assess 
differences in performance can provide insights into the strengths and weaknesses of each 
method. Each model offers unique capabilities for analyzing and predicting the behavior of 
thermal systems, enhancing efficiency, prediction accuracy, and understanding of thermal 
processes. 

 

5.3.1  Model Selection and Optimization 

The choice of ML model depends on the specific characteristics of the data and the problem 
at hand. It may be beneficial to use ensemble methods, combining multiple models to create 
a more robust and accurate predictive model. The development and optimization of machine 
learning models for specific applications often involve ensemble methods, combining 
multiple models to enhance prediction accuracy and robustness. This approach is particularly 
effective in complex systems where single models may fall short. By leveraging the strengths 
of each machine learning model, researchers and engineers can tackle a wide range of 
challenges in thermal engineering and energy systems, from optimizing energy consumption 
to enhancing the efficiency of thermal processes. The choice of model depends on the 



Dynamic modeling of Rotating Detonation Combustor                                           Chapter 5 

54 
 

 

specific characteristics of the problem at hand, including the nature of the data, the prediction 
goals, and the underlying system dynamics. 

 

5.3.2 Regression 

Regression techniques are foundational to machine learning and extensively used for 
predictive modeling. They are indispensable for projects that require continuous data 
predictions, such as energy consumption and production patterns. The choice between linear, 
Gaussian, or polynomial depends on the specific nature of the data and the relationship it 
holds with the target variable. 

 

Linear Regression is used for predicting a continuous outcome based on one or more 
predictor variables. It's plausible to suggest that while Linear Regression could provide 
initial insights or simplified models for certain aspects of detonation wave behavior, more 
sophisticated, nonlinear modeling techniques (e.g., machine learning models like CNNs or 
advanced statistical models) are likely required to accurately predict and analyze the full 
scope of pressure-temperature correlations and their impact on thermal performance in such 
contexts. 

 

Polynomial Regression extends linear regression by allowing the model to fit a nonlinear 
relationship between the independent and dependent variables. It can effectively model 
complex relationships between independent variables and outcomes, making it suitable for 
analyzing pressure-temperature correlations in detonation waves [68]. This method allows 
for the capturing of nonlinear patterns within data, which linear regression cannot 
accommodate. Particularly in scenarios involving detonation waves, where the relationships 
between pressure, temperature, and thermal performance are inherently nonlinear due to the 
dynamics of shock waves and exothermic reactions, Polynomial Regression can offer more 
accurate predictions by fitting higher-degree polynomials to the data.  

 

5.3.3 Support Vector Machines (SVM) and Kernel Methods 

Support Vector Regression (SVR) using Gaussian and Polynomial kernels is highly 
adaptable for modeling complex relationships, such as those found in detonation waves' 
pressure-temperature correlations. SVR's strength lies in its ability to handle non-linear data 
through kernel trick [69], providing robust predictions even in the face of noisy inputs. 
However, the choice of kernel and its parameters is critical and requires careful tuning to 
balance model complexity and generalization capability. Despite its advantages, one 
limitation is computational intensity, especially for large datasets, and the need for expert 
knowledge to select and tune the appropriate kernel functions. Kernel Methods and SVMs 
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are highlighted for their ability to handle complex, non-linear relationships in data by 
transforming the input space into a higher dimension where it becomes linearly separable. 

 

SVMs are celebrated for their capacity to delineate complex, non-linear relationships 
between variables by finding the optimal hyperplane in a high-dimensional space. Support 
Vector Regression  [70] and handling non-linear relationships through the use of kernel 
functions, making it a robust choice for continuous space data fitting [71]. The kernel 
function measures similarity between pairs of inputs, which is crucial for tasks requiring a 
nuanced understanding of data relationships. The choice of kernel and its parameters can 
significantly affect performance, and overfitting can be a risk without proper regularization 
and parameter tuning. 

 

5.3.4 CNN 

Convolutional Neural Networks (CNNs) are highly effective in capturing spatial and 
temporal patterns, making them well-suited for analyzing and predicting pressure-
temperature correlations within the dynamic environment of a detonation wave in annular 
geometries. CNNs can process complex, multidimensional data, such as those arising from 
the propagation of detonation waves, the interaction between fuel-oxidizer mixtures and 
combustion products, and the resulting thermal performance. 

 

The ability of CNNs to learn hierarchical features can be particularly advantageous for 
identifying the nuanced characteristics of shock waves and heat release fronts within the 
detonation process. By extracting features related to the static pressure and temperature 
changes, as well as the exothermic chemical reactions, CNNs can provide insights into the 
underlying mechanisms driving thermal performance in these highly energetic systems. This 
predictive modeling capability is essential for optimizing fuel efficiency, reducing 
emissions, and improving the safety and stability of propulsion systems relying on 
detonation waves. 

 

Research on the application of Convolutional Neural Networks (CNNs) specifically for 
analyzing and predicting pressure-temperature correlations in the context of detonation 
waves, particularly in rotating detonation engines (RDEs), is sparse. However, data-driven 
approaches, including machine learning techniques, have been explored for modeling the 
complex dynamics of rotating detonation waves, which can indirectly inform on the potential 
applicability and performance of CNNs in such scenarios. 

 

A notable study, "Data-driven Modeling of Rotating Detonation Waves" [72] explores the 
use of unsupervised machine learning procedures for transport-dominated systems 
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characterized by traveling waves, which are essential features of detonation waves in RDEs. 
This work emphasizes the challenge posed by traditional dimensionality reduction methods 
when dealing with traveling wave phenomena due to the separation of space and time 
variables. The study introduces an unsupervised traveling wave identification method with 
shifting and truncation (UnTWIST) to address these challenges, enabling the construction of 
reduced-order models from experimental data. By aligning traveling waves in time and 
applying dimensionality reduction techniques, this approach facilitates the analysis of the 
intricate dynamics of detonation waves, including their impact on pressure and temperature 
distributions. 

 

While the specific application of CNNs in modeling pressure-temperature correlations of 
detonation waves was not detailed in the studies accessed, the data-driven methodology 
outlined offers a foundation upon which CNNs could potentially be applied. CNNs, with 
their proficiency in handling spatial-temporal data, could be explored in future research for 
direct modeling of pressure-temperature correlations in detonation waves. The capability of 
CNNs to extract hierarchical features from complex datasets makes them a promising tool 
for capturing the dynamics of detonation waves, including the analysis of shock wave 
propagation and heat release fronts. 

 

5.4  Reduced Order Modelling of RDC 

 
Fig. 5.2 Geometry of RDC chamber and associated coordinate system 

 

We start from the equations of motion for inviscid, compressible flow. 
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blocked fuel-air injectors, G) unreacted premixture injected from micro-nozzles H) tertiary 
shock waves [73]. The supersonic regions are shown in white color. 

 

From CFD simulations with back pressure at the combustor exit, it is evident that the 
expansion of the flow to the required subsonic exit condition is not isentropic. This is not 
observed when the analysis focuses only on the RDC but becomes significant when 
combustor is integrated with downstream components, such as an ejector or a turbine.  

 

The flow passes through a number of Mach lines/oblique shocks which reduces the 
stagnation pressure of the flow and assists in turning the flow. Schwer and Kailasanath[73] 
noted very weak shock waves appearing with increase in backpressure Fig. 5.4, originating 
from the intersection of exit boundary and slip line, and they regulate the velocity and 
pressure of the outflow gases, and result in loss of performance. Bykovskii et.al [74] also 
noticed this phenomenon and termed them Neutral Mach Lines (NML) (Fig. 5.5)[74]. These 
flow features are also present in the CFD simulations performed by ONERA, France ( Fig. 
5.6). 

 
Fig. 5.5 Neutral Mach Lines [74] 
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Fig. 5.11 Modified SDT RDC calculation methodology 

 

5.5  Machine Learning Modelling 

 

5.5.1  Database generation 

The method described in  Reduced Order Modelling section is used to generate an RDC 
performance map. The map accepts the static pressure, static temperature and gas 
composition at fresh charge layer i.e. post fuel-air injection process, and the RDC exit Mach 
number. Thus, the conditions at the RDC boundaries, such as temperature, pressure and 
equivalence ratio are represented. The range of these input parameters are part of the 
operational range expected of this technology. The inlet static pressure ranges from 1 bar to 
8.5 bar, the inlet static temperature ranges from 350 K to 750 K, the fuel-air equivalence 
ratio ranges from 0.5 to 1 and the exit Mach number ranges from 0.5 to 1. The code is run 
for this range to obtain both stagnation temperature and stagnation pressure in region 6 and 
7 (Fig. 5.11). 

 

5.5.2 Machine Learning Models 

As mentioned before, we can breakdown Machine learning enabled predictive modelling 
into consecutive cycles of feature engineering and validation. For the purpose of this work, 
two of the most popular and stable machine learning libraries - Scikit learn and TensorFlow 
are selected. Scikit learn [75] has an extensive library of classical machine learning functions 
that covers data preprocessing, exploratory analysis and feature engineering with validation. 
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TensorFlow [76] provides data preprocessing, exploratory analysis, training monitoring and 
validation functions for deep learning methods like CNN.  

 

For the models described below, a random sample of 30 percent of the readings for validation 
and used the remaining data for feature training, to evaluate best suited methods from among 
various variants of Linear Regression, SVM Polynomial Kernel, SVM Gaussian Kernel, 
Polynomial regression and Convoluted Neural Networks. 

 

Method MAE MSE Max_Error R2 Explained_Variance 

Linear 
Regression 

26350.69 1.35E+09 167841.2 0.965828 0.965828084 

SVR Gaussian 
Kernal 

8271.538 97884170 35738.47 0.997518 0.997565716 

SVR Polynomial 
Kernal degree 3 

11040.32 1.57E+08 24214.39 0.996019 0.996823409 

SVR Polynomial 
Kernal degree 4 

10935.84 1.54E+08 25754.06 0.996106 0.996698886 

SVR Polynomial 
Kernal degree 5 

10000.49 1.32E+08 21197.17 0.996651 0.996949598 

Polynomial 
Regression D3 

584.2937 739802.9 5144.757 0.999981 0.999981242 

Polynomial 
Regression D4 

97.8246 20243.38 1086.134 0.999999 0.999999487 

Polynomial 
Regression D5 

34.01358 2554.182 516.4548 1 0.999999935 

CNN regression 581.5865 555070.5 3261.725 0.999986 0.999986298 

Table 9 Comparison of errors for different ML methods 

 

A comparison of these methods has been done as shown in Table 9. From these methods, 
the following ones are selected to test their predictability with experimental data. 
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Fig. 5.14 Kiel probe measurements from TU Berlin RDC 

 

 

 
Fig. 5.15 Dynamic pressure fluctuations in TU Berlin RDC 
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Fig. 5.16 Static pressure measurements in TU Berlin RDC 

 

5.7  Results & discussion 

5.7.1 Performance Maps 

 

 

Fig. 5.17 Typical stagnation pressure map 

 

The maps show that exit stagnation pressure has a more complex correlation with its inputs 
as compared to the stagnation temperature (Fig. 5.17 & Fig. 5.18). The effect of inlet static 
temperature is low compared to that of inlet static pressure and equivalence ratio. The effect 
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of exit Mach number (not depicted here) is also small. A detailed analysis of the impact of 
input parameters is done.  

 

 

Fig. 5.18 Typical stagnation temperature map 

 

5.7.2  SVM Gaussian Kernal 
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(f) 

Fig. 5.19 Support Vector Method with Gaussian Kernal 

 

The Support Vector Method with Gaussian Kernal predicts the static pressure output with a 
maximum error of -56%, and stagnation pressure with approximately 23% (Fig. 5.19). The 
prediction trend shows a clear dependency on the RDC exit blockage, i.e. exit Mach number 
or the exit back pressure. 

 

5.7.3  SVM Polynomial Kernal  

The Support Vector Method with Polynomial Kernal (5th degree) predicts the static pressure 
output with a maximum error of -67%, and stagnation pressure with approximately 69% 
(Fig. 5.20). The prediction trend shows a clear dependency on the RDC exit blockage, i.e. 
exit Mach number or the exit back pressure. There is also a dependency on the area ratio of 
injection ports. 
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(e) 

 
(f) 

Fig. 5.20 Support Vector Method with 5th degree polynomial kernal. 
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5.7.4 Polynomial Regression 
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(e) 

 
(f) 

Fig. 5.21 5th degree Polynomial Regression 

 

The Polynomial Regression (5th degree) model predicts the static pressure output with a 
maximum error of -63%, and stagnation pressure with approximately 27% (Fig. 5.21). The 
prediction trend shows a clear dependency on the RDC exit blockage, i.e. exit Mach number 
or the exit back pressure.  
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5.7.5  Linear Regression 
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(e) 

 
(f) 

Fig. 5.22 Linear Regression method 

 

The Linear Regression model predicts the static pressure output with a maximum error of -
57%, and stagnation pressure with approximately 21% (Fig. 5.22). The prediction trend 
shows a clear dependency on the RDC exit blockage, i.e. exit Mach number or the exit back 
pressure. 
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5.7.6  CNN 

 

(a) 

 

(b) 

�ñ�W�O

�ñ�U�O

�ñ�S�O

�ñ�Q�O

�O

�Q�O

�S�O

�U�O

�W�O

�O �P�O �Q�O �R�O �S�O �T�O �U�O

�(
�X

�X
�:�

X
�Î�

:�2
�Î�

„�\
�Q

�Î�ü
�‡

�ý

���+�:�è�'�Í���ô�Î�ü�‡�ý

���b�b�ö�„�U�ö�a�Í�è���Q�Í

���‡�ö�Í���X�Î�q�Î�O�ß�Q�R

���‡�ö�Í���X�Î�q�Î�O�ß�P�S�S

���‡�ö�Í���X�Î�q�Î�O�ß�Q�W�V

���‡�ö�Í���X�Î�q�Î�O�ß�S�U

�ñ�W�O

�ñ�U�O

�ñ�S�O

�ñ�Q�O

�O

�Q�O

�S�O

�U�O

�W�O

�O �P�O �Q�O �R�O �S�O �T�O �U�O

�(
�X

�X
�:�

X
�Î�

:�2
�Î�

„�\
�Q

�Î�ü
�‡

�ý

���+�:�è�'�Í���ô�Î�ü�‡�ý

���b�b�ö�„�U�ö�a�Í�è���Q�æ

���‡�ö�Í���X�Î�q�Î�O�ß�Q�R

���‡�ö�Í���X�Î�q�Î�O�ß�P�S�S

���‡�ö�Í���X�Î�q�Î�O�ß�Q�W�V

���‡�ö�Í���X�Î�q�Î�O�ß�S�U



Dynamic modeling of Rotating Detonation Combustor                                           Chapter 5 

90 
 

 

 

(c) 

 

(d) 

�ñ�W�O

�ñ�U�O

�ñ�S�O

�ñ�Q�O

�O

�Q�O

�S�O

�U�O

�W�O

�O �P�O �Q�O �R�O �S�O �T�O �U�O

�(
�X

�X
�:�

X
�Î�

:�2
�Î�

„�e
�Q�

Í�Î�
ü�

‡�
ý

���+�:�è�'�Í���ô�Î�ü�‡�ý

���b�b�ö�„�e�U�Í�ö�a�Í�è���Q�Í

���‡�ö�Í���X�Î�q�Î�O�ß�Q�R

���‡�ö�Í���X�Î�q�Î�O�ß�P�S�S

���‡�ö�Í���X�Î�q�Î�O�ß�Q�W�V

���‡�ö�Í���X�Î�q�Î�O�ß�S�U

�ñ�W�O

�ñ�U�O

�ñ�S�O

�ñ�Q�O

�O

�Q�O

�S�O

�U�O

�W�O

�O �P�O �Q�O �R�O �S�O �T�O �U�O

�(
�X

�X
�:�

X
�Î�

:�2
�Î�

„�e
�Q�

Í�Î�
ü�

‡�
ý

���+�:�è�'�Í���ô�Î�ü�‡�ý

���b�b�ö�„�e�U�Í�ö�a�Í�è���Q�æ

���‡�ö�Í���X�Î�q�Î�O�ß�Q�R

���‡�ö�Í���X�Î�q�Î�O�ß�P�S�S

���‡�ö�Í���X�Î�q�Î�O�ß�Q�W�V

���‡�ö�Í���X�Î�q�Î�O�ß�S�U



PGC Propulsion application with part load and dynamic analysis                         Chapter 5 

91 
 

 

(e) 

 

(f) 

Fig. 5.23 CNN method 

 

The CNN model predicts the static pressure and CNN output with a maximum error of -
55%, and stagnation pressure with approximately 27% (Fig. 5.23). The prediction trend 

�ñ�W�O

�ñ�U�O

�ñ�S�O

�ñ�Q�O

�O

�Q�O

�S�O

�U�O

�W�O

�O �P�O �Q�O �R�O �S�O �T�O �U�O

�(
�X

�X
�:�

X
�Î�

:�2
�Î�

„�e
�Q�

æ
�Î�ü
�‡

�ý

���+�:�è�'�Í���ô�Î�ü�‡�ý

���b�b�ö�„�e�U�æ�ö�a�Í�è���Q�Í

���‡�ö�Í���X�Î�q�Î�O�ß�Q�R

���‡�ö�Í���X�Î�q�Î�O�ß�P�S�S

���‡�ö�Í���X�Î�q�Î�O�ß�Q�W�V

���‡�ö�Í���X�Î�q�Î�O�ß�S�U

�ñ�W�O

�ñ�U�O

�ñ�S�O

�ñ�Q�O

�O

�Q�O

�S�O

�U�O

�W�O

�O �P�O �Q�O �R�O �S�O �T�O �U�O

�(
�X

�X
�:�

X
�Î�

:�2
�Î�

„�e
�Q�

æ
�Î�ü
�‡

�ý

���+�:�è�'�Í���ô�Î�ü�‡�ý

���b�b�ö�„�e�U�æ�ö�a�Í�è���Q�æ

���‡�ö�Í���X�Î�q�Î�O�ß�Q�R

���‡�ö�Í���X�Î�q�Î�O�ß�P�S�S

���‡�ö�Í���X�Î�q�Î�O�ß�Q�W�V

���‡�ö�Í���X�Î�q�Î�O�ß�S�U





PGC Propulsion application with part load and dynamic analysis                         Chapter 5 

93 
 

5.7.7.1 SHAP value for SVM Gaussian Kernal 

M_exit shows some variability in impact (Fig. 5.24), suggesting it can influence the model 
output under specific conditions but generally remains neutral. Phi, Ts_in, and Ps_in exhibit 
minimal influence on the model, with SHAP values clustered around zero, indicating they 
are not significant predictors in this model.  

 

 
Fig. 5.24 SVM Gaussian kernel SHAP value 

 

5.7.7.2 SHAP value for SVM Polynomial Kernal 

 

 

Fig. 5.25 SVM Polynomial kernel SHAP value 

 

Ps_in shows mostly negative SHAP values (), suggesting it typically reduces the model 
output when it increases. M_exit and phi have SHAP values close to zero, indicating they 
have little to no consistent impact on the model's predictions. Ts_in appears almost neutral 
with SHAP values very close to zero (Fig. 5.25), suggesting minimal influence on the model 
outcome. The spread of SHAP values for Ps_in implies varying degrees of influence, 
highlighting its potential importance in the model compared to other features. 
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indicating its relatively insignificant role in this model's predictions. Ts_in and phi appear to 
have little to no influence on the model output, with SHAP values clustered near zero. The 
clear distinction in the behavior of Ps_in compared to other features underlines its 
importance and potential as a key predictive variable in the dataset. 

 

5.7.7.5 SHAP value for CNN model 

 

 
Fig. 5.28 CNN SHAP value. 

 

Ps_in significantly decreases the model output, as indicated by consistently negative SHAP 
values. Phi and M_exit have negligible influence, with SHAP values clustered near zero 
(Fig. 5.28), suggesting minimal contribution to the model's predictions. Ts_in is closely 
clustered around zero but with a slight spread that extends into the negative range. This slight 
spread indicates a minimal but potentially more noticeable impact compared to Ts_in. 

 

5.8  Conclusion 

This chapter describes the work done in the development of a reduced order model for 
rotating detonation combustors, with consideration to back pressure at the combustor exit, 
using machine learning techniques. The modelling procedure involved the generation of a 
database using theoretical calculations, which take into account the flow features inside an 
RDC and training different machine learning models in this database. The database is 
available at https://github.com/jacobsreview/spjt_sdt . 

 

These machine learning models are validated against experimental results and the 
applicability of each model is verified. From the results, it can be seen that a linear regression 
model is better suited for predicting exit stagnation pressure of RDC, followed by Support 
Vector Regression model with Gaussian Kernal. The impact of input parameters to these 

https://github.com/jacobsreview/spjt_sdt
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models are also estimated using SHAP values, and it is found that the static pressure at fresh 
charge layer of the RDC has the highest impact under all models.  

 

The machine learning models developed here can be improved by training it on further 
experimental data. Since the best suited model is identified, it is possible to train the models 
directly on experimental data to reduce the gap in experiments. Finally, this database is used 
as performance maps for RDC combustion chamber, which is used in PDC aircraft engine 
simulation in Chapter 7 
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6. Aircraft engine modelling in TRANSEO 
 

That is the essence of science: ask an impertinent question, and you are on the way to a pertinent 
answer 

Dr. Jacob Bronowski 

 

As a part of the research activities, the in-house simulation tool TRANSEO is being used to 
model a typical aircraft engine (with & without PGC). The application of TRANSEO for 
simulating aircraft engines has not been done till date. The use of TRANSEO code in 
modelling an aircraft engine is difficult since the components available in the simulation 
library are not tailored for aircraft propulsion. The major difficulties arise in the modelling 
of multistage compressor and turbine, and secondary air system for cooling the combustion 
chamber and turbines. Hence, modifications are required to accommodate features such as 
compressor bleed, combustor and turbine cooling and bypass flow.  

 

This chapter of the thesis focuses on developing a conventional aircraft engine with constant 
pressure combustion and turbine cooling. The model is validated against on-design & off-
design performance values available in the public domain. No validation has been possible 
at the moment on dynamic conditions. 

 

6.1  Aircraft engine modelling 

There have been a number of efforts to model aircraft propulsion systems. This includes, but 
not limited to, the works by Alexiou [87], Khalil et.al [88], Sankar et. al [89], Carcasci et.al 
[90,91] Martins [92] and Ridaura [36]. These approaches usually use commercial software 
like GasTurb or Gas turbine Simulation Program (GSP) to predict the performance of the 
engine. MATLAB/SIMULINK based tools are also capable of simulating the aircraft 
engines.  

 

Most of the published works use lumped volume approach for transient simulations. This is 
where the TRANSEO simulation tool shines, when needed, as it is cable of capturing the 
effects of internal fluid dynamics as well. Unfortunately, the engine manufacturers are 
unwilling to provide the detailed geometric and performance data that is required for the 
dynamic simulation. The data used in this activity has been taken from the literature that is 
available in the public domain, with reasonable assumptions about the unknown variables. 
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Fig. 6.1 CFM56-3 Schematic 

 

CFM56-3, CFM56-3B, CFM56-3C 

Bleed location LP rotor speed Airflow limit  

Fan discharge  
All speeds above 20 % 
N1K  

5 % of secondary airflow 

HPC 5th stage only  
All speeds above 20 % 
N1K  

10 % of primary airflow 

HPC 9th stage only  

From 20% to 61 % of N1K  14 % of primary airflow 

From 61 % to 75 % of N1K  
Linear variation between 
14% and 
9,2 % of primary airflow 

Above 75 % of N1K  7% of primary airflow 

From 20 % to 61 % of N1K  14 % of primary airflow 
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HPC 5th and 9th stages 
combined  

From 61 % to 72,7 % of 
N1K  

Linear variation between 
14% and 
10% of primary airflow 

Above 72,7 % of N1K  10% of primary airflow 

Table 12 Maximum Permissible Air Bleed Extraction for CFM56 Engine 

 

6.2.1.1 Engine component geometry and maps 

TRANSEO simulation tool requires characteristics maps of the compressor and turbines, 
along with the areas and lengths of all the components [35]. Unfortunately, this is proprietary 
information of the engine manufacturer, and hence not disclosed in public domain. 
Therefore, for the purpose of modelling the CFM56-3 engine, the maps and other data are 
taken from approximated values. The maps developed by Ridaura [36] using GasTurb 
software with modifications specified by Kurzke [37] are used for the on-design validation. 
Out of the 15 operating points available from the engine test report, the design point chosen 
is the same as the one used by Ridaura[36], which is close to the maximum spool speed [93]. 
These maps [36] are adapted to the TRANSEO turbomachinery maps format. 

 

 
Fig. 6.2 Fan map with design point 

 

The fan and LPC are modelled using TRANSEO compressor module, while the HPT and 
LPT are modelled using TRANSEO turbine module. These modules require the pressure 
ratio v/s corrected mass flow and pressure ratio v/s efficiency maps, along with on-design 
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performance data, heat transfer data and geometry. The maps used for this purpose, along 
with the design point are shown in Fig. 6.2 - Fig. 6.6. 

 

The station numbering as per SAE convention [94] are shown in Fig. 6.7 and the values of 
thermodynamic properties at each station are mentioned in Table 13 . Since the original 
engine performance report is not available in public domain, the pressure, temperature, and 
mass flow rates reported by Ridaura [36] which have been validated against engine 
performance test data, are used to approximate the engine component areas. The compressor 
bleed at the design point is taken from Philpot [95] as shown in Table 14 CFM56-3 Internal 
air system configuration at design point [95]. However, the HPT clearance control bleed 
flow (HPTCC) is not implemented in the simulation, as the TRANSEO model is not 
configured to account for the rotor blade expansion. 

 

 
Fig. 6.3 LPC map with design point 
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Fig. 6.4 HPC map with design point 

 

 
Fig. 6.5 HPT map with design point 
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Fig. 6.6 LPT map with design point 

 

Station Station Details 
Mass Flow 

(kg/s) 
T0 (K) P0 (Pa) Area (m^2) 

0 Ambient 
 

288.15 101325 
 

2 Fan intake 314.711 288.15 101325 1.74773 

13 bypass duct inlet 264.56 343.271 171887 1.25522 

21 core inlet 50.151 288.15 101325 0.4 

22 LPC inlet 50.151 288.15 101325 0.4 

24 LPC outlet 50.151 372.7 224429 0.375 

25 HPC inlet 50.151 372.7 219940 0.38 

3 HPC outlet 49.148 786.19 2435887 0.038 

31 CC inlet 43.632 786.19 2435887 0.038 

4 CC outlet 44.7256 1629.48 2314092 0.04 

41 HPT inlet 47.735 1580.77 2314092 0.405 
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44 HPT outlet 50.2423 1195.84 593945 0.405 

45 LPT inlet 51.2453 1185.22 588006 0.41 

5 LPT outlet 51.2453 872.89 148036 0.3 

8 core nozzle outlet 51.2453 872.89 146555 0.2933 

18 
bypass nozzle 
outlet 264.56 343.27 167590 

0.7352 

Table 13 CFM56-3 Test data 

 

The engine tests were conducted on the ground test facility and therefore the flight velocity 
or V_flight is considered zero. 

 

CFM56-3 Internal Air System 

Description 
Mass flow 

(%) 
Point of extraction 

HPTCC 10 Booster discharge 

NGVs HPT  6 Ninth HPC stage 

Rotor HPT  5 Ninth HPC stage 

NGVs LPT  2 Fifth HPC stage 

Table 14 CFM56-3 Internal air system configuration at design point 
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Fig. 6.7 SAE station numbering convention 

 

6.2.2 Engine model and component description 

The CFM56-3 engine is modelled in TRANSEO as shown in Fig. 6.8 and Fig. 6.9. The two 
models differ from each other in the methodology adopted for modelling the turbine cooling. 
Since this activity is meant to demonstrate the methodology & capability of TRANSEO to 
model an aircraft engine, the model represented here is valid for on-design condition. 
Although, this can be adapted to off-design conditions as well, with minor modifications. 

 
Fig. 6.8 CFM56-3 model (Type 1) in TRANSEO (design-point) 
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6.2.2.3 Bypass_Nozzle 

This component is used to model the bypass nozzle/cold nozzle of the CFM56-3 engine (Fig. 
6.12). The nozzle throat area (A18) was specified as 0.7352 m2 in the performance test 
report, and hence is a fixed geometric parameter. The nozzle efficiency is estimated as 
0.9553 at on-design point from the test report data. 

 
Fig. 6.12 Bypass_Nozzle component 

 

6.2.2.4 LPC  

This component is used to model the low-pressure compressor (Fig. 6.13). The maps are 
modified according to the TRANSEO format, and the on-design conditions are specified as 
well. The heat transfer from the compressor and the ambient is approximated since this data 
was not available in the literature.   

 
Fig. 6.13 LPC component 
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6.2.2.5 HPC 

This component is used to model the high-pressure compressor (Fig. 6.14). The maps and 
on-design conditions are provided to the component in TRANSEO format. The bleed air is 
assumed to be taken from the compressor outlet rather than interstage locations, since 
TRANSEO compressor module is yet to be modified for such purpose. It should be noted 
that individual stage performance maps and compressor stage geometry are often required 
to simulate the interstage bleed, which is usually not available in public domain. Once again, 
the heat transfer with the ambient is approximated. 

 

 
Fig. 6.14 HPC component 

 

6.2.2.6 Fuel 

This component is used to model the fuel supply system of the engine (Fig. 6.15). 
TRANSEO library contains many gaseous fuel species and can generate blended fuels as 
well. But for the purpose of simulating the on-design combustion process, a generic fuel was 
selected having a heating value of 43.8 MJ/kg as mentioned in the thesis of Ridaura [36]. 
One of the disadvantages of this is the miscalculation of species in the combustion products. 
The fuel flow rate is also kept the same as in literature. 

 

6.2.2.7 Bleed Scheduler 

The bleed scheduler is used to extract the mass flow and enthalpy from the HPC outlet. In 
on-design condition, where the bleed flow is specified, the scheduler is a simple mass flow 
redistribution and enthalpy balancing, as in Table 14 (Fig. 6.16). For the off-design condition 
a detailed version of the schedule as a function of the spool speed is required. Unfortunately, 
the engine manufacturers do not provide this value explicitly and the data available from 
engine certification agencies, such as in Table 12, do not specify the details such as 
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compressor bleed-off and bleed delivery line geometries. Therefore, the data available at 
high operating speeds (Table 14) are assumed to hold same at off-design conditions as well.  

 

 
Fig. 6.15 Fuel 

 

 
Fig. 6.16 Typical on-design bleed scheduler 

 

6.2.2.8 Combustion Chamber 

This component is used to model the conventional combustion chambers of the CFM56-3 
engine (Fig. 6.17), with pressure drop. The fuel and compressed air are the major inputs to 
the model. The pressure loss across the combustor at on-design condition is approximated 
along with the heat transfer parameters. The component also requires a minimum fuel-to-air 
pressure ratio and minimum heat release rate, which determine if the combustion process 
lights on or not. 
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Fig. 6.17 Combustion chamber component 

 

6.2.2.9 HPT 

This component is used to model the high-pressure turbine (Fig. 6.18). Similar to 
compressors, the turbine module also requires maps and on-design data. Since blade cooling 
is not yet implemented in TRANSEO, the cooling flow for the HPT NGVs and rotors are 
supplied as shown in Type-1 (Fig. 6.8) and Type-2 (Fig. 6.9) models to determine the method 
that closely resembles the engine test report. This is done, since in usual practice, the cooling 
flow is assumed to mix in a plenum upstream of the relevant turbine stage, and stage 
isentropic efficiency is adjusted to obtain the same stage exit temperature. The heat exchange 
between the turbine and the ambient are also approximated. 

 
Fig. 6.18 HPT component 

 

6.2.2.10 LPT 

This component is used to model the low-pressure turbine (Fig. 6.19). The LPT NGV cooling 
flow is supplied upstream of the turbine plenum for the same reason as mentioned in the case 
of HPT component. The maps and on-design conditions are provided to the turbine module 
in the TRANSEO format. The heat exchange is also approximated. 
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6.2.2.11 Core Nozzle 

This component is used to model core nozzle/hot nozzle (Fig. 6.20). The nozzle throat area 
(A8) was specified as 0.2933 m2 in the performance test report, and hence is a fixed 
geometric parameter. The nozzle efficiency is estimated as 0.9553 at on-design point from 
the test report data. 

 

 
Fig. 6.19 LPT component 

 

 
Fig. 6.20 Core Nozzle component 

 

6.2.2.12 Ambient out 

This component is used to specify the outlet air conditions (Fig. 6.21). Since the validation 
is done on engine performance at sea level, standard day sea level conditions of 101325 Pa 
and 288.15 K are considered as the outlet. This condition is used to determine if the nozzles 
are choked or not, and therefore an important parameter in the calculation of thrust. 
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In Type-1, the HPT NGV and HPT rotor blade cooling air is provided upstream of HPT 
component while LPT NGV cooling air is provided upstream of LPT component, as shown 
in Fig. 6.23. Both the mass flow and enthalpies are balanced inside the bleed delivery control. 
The difference in the thermodynamic properties along the gas path are shown in Table 15 
and Fig. 6.24. 

 
Fig. 6.23 Cooling methodology for Type-1 model 

 

 

Fig. 6.24 Variation of thermodynamic properties for Type-1 model 

 

In Type-2, the HPT NGV cooling air is provided upstream of HPT component, while the 
HPT rotor cooling air and LPT NGV cooling air supplies are provided between the HPT and 
LPT components, as shown in Fig. 6.25. The variation in the thermodynamic properties is 
shown in Table 16 and Fig. 6.26 & Appendix B (187). 

It can be seen from the results that the maximum variation in mass flow rate occurs at HPT 
inlet for Type -1 and HPT outlet for Type -2. For the total temperature, this location is HPT 
inlet for Type-1 while it is at LPT inlet for Type-2. And for total pressure, the maximum 
variation is found at LPT outlet for Type 1, while for Type 2, it is at HPC outlet. This 








































































































































































